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Biodiesel production from microalgae lipids is increasingly regarded as a more 
sustainable and feasible alternative to conventional biodiesel feedstocks derived from 
terrestrial bioenergy crops.  To render microalgae-based fuels feasible, development of 
an effective and rapid technique for oleaginous microalgae isolation/screening, and 
enhancing intrinsic lipid content of selected strain(s) is required. Therefore, this thesis 
aims to achieve following objectives:  
1) To develop a high throughput screening and isolation technique to select indigenous 
strains of marine microalgae for intrinsic high biomass and lipid production capacity;  
2) To enhance lipid production of a selected microalgae strain using flow cytometry ; 
3) To cultivate the improved strain in a culture system (i.e. a raceway pond). 
To achieve Objective 1, a technique for microalgae isolation was developed based on 
flow cytometric cell-sorting (FACS), whereby cell-sorting was based on the two 
dimensional distribution of algal cells for red fluorescence (representing chlorophyll 
auto-fluorescence) against forward light scatter (representing cell size). From a total of 
ninety six strains of marine microalgae isolated from the coastal waters of Singapore, 
Nannochloropsis strains were selected as promising candidates for biodiesel feedstock, 
where lipid content ranged from 39.4% to 44.9% of dry weight biomass.  
For Objective 2, methods to determine total and neutral lipids in Nannochloropsis via 
gravimetric extraction or Nile red (NR) fluorescence measurements were optimized. 
For the gravimetric method, factors affecting intracellular lipid extraction from marine 
microalgae were investigated. Freeze-, oven- and solar drying did not affect lipid yield 
using accelerated solvent extraction (ASE). A chloroform-methanol (2:1) solvent 
mixture yielded maximum total lipid extraction with a range of 16 to 35% and amount 
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of neutral lipids and polar lipids at 17.9 and 10.6% respectively, where hexane 
extracted the least at 10.6 and 3.3%, respectively.  
For the NR fluorescence method was modified and improved as a rapid and sensitive 
screening tool to estimate levels of intracellular neutral lipid in Nannochloropsis sp. 
Addition of either glycerol or DMSO into microalgae cultures greatly increased 
fluorescence intensity of stained cells. The optimized procedure requires a mix of 
glycerol or DMSO at a concentration of 0.1 and 0.165g.mL
-1
 respectively for peak 
fluorescence in a live culture of Nannochloropsis sp.  
Lipid production in Nannochloropsis sp. was enhanced using two procedures were 
utilized i) a FASC system to select oil-rich cells; and ii) random mutagenesis to induce 
cellular lipid production, followed by FACS to select oil-rich mutants. With the first 
procedure, the intracellular lipid content was doubled to 55 % (biomass dry weight) in 
the daughter cells after three consecutive rounds of cell sorting, and maintained for 
approximately one hundred subsequent cell generations. For the second procedure, 
Nannochloropsis sp. were treated with the mutagen EMS, and then followed by FACS 
to isolate mutants. The study shows that FACS and random mutagenesis are powerful 
tools for the enhancement of intracellular lipid content and improvement of fatty acid 
composition in microalgae exploited for biodiesel feedstock. 
Objective 3 focused on the cultivation of the improved strain at a larger scale, where 
the balance of biomass production and lipid accumulation was investigated. The 
mutant strain of Nannochloropsis was cultivated in 250L raceway ponds under single 
phase and bi-phasic mode. Under bi-phasic mode, with a supplement of sodium acetate 
(NaAc), total lipid content  net FAME content was 2.6 times and 2.3-fold greater than 
that of  single phase cultivation. Generally, the mutant strain of Nannochloropsis was 
cultivated in bi-phasic mode inducing lipid content and improved fatty acid profile.  
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1.1. Demand of renewable biodiesel fuel and feedstock for biodiesel 
production 
As fossil fuel reserves become depleted and their environmental impact becomes ever 
more apparent, the need to develop alternative, sustainable fuel sources intensifies. 
Biodiesel is receiving increasing attention worldwide due to its environmental benefits 
relative to petro-diesel fuel, e.g. biodegradable, non-flammable, lower sulfur content, 
significant reduction of toxic compounds and greenhouse gas emission (Chisti, 2007; 
Demirbas, 2009). Biodiesel is renewable energy and its feedstock can be developed 
locally, especially in tropical regions.  
Biodiesel feedstock is mainly derived from animal fats or plant-based oils such as 
soybean, sunflower, rapeseed, canola, cotton seed and palm oils; widely referred to as 
first generation biodiesel feedstock. However, the use of these oils for biodiesel 
production is attracting major concerns based on their sustainability, where agricultural 
land needs to be taken out of food production and, in the case of palm oil, is resulting 
in the loss of Asian rainforest to palm plantation with associated drastic losses in 
biodiversity. Second generation biodiesel feedstocks are derived from waste materials 
(e.g. waste cooking oils, beef and sheep tallow, poultry fats and waste fish oil, etc.) or 
non-food oils such as oil from Jatropha cuscas - a plant that can grow in marginal 
lands. These so-called second generation feedstocks are favored, since they do not 
compete with food production. To date, the first and second generation feedstocks 
have been increasingly exploited to partially replace conventional liquid transportation 
fuels, but fall short of fulfilling current and future demand for liquid transportation 




regarded as viable feedstocks for biodiesel production due to their high intrinsic 
biomass productivity and intracellular lipid content (Chisti, 2007). Microalgae neutral 
lipids, mainly in the form of triglycerides (also referred to as microalgae oils) are 
suited for biodiesel and bio-jet fuel production (Chisti, 2008). Moreover, microalgae 
oils are particularly suitable for biodiesel in terms of their viscosity, cetane number and 
iodine value, and are ready for utilization without any significant engine modifications 
(Ferrentino et al., 2006; Gouveia et al., 2009). Therefore, development of microalgae-
based biodiesel has the potential to dramatically improve the environment and move 
the world beyond a petroleum-based economy.  
Advantages of microalgae-derived biodiesel 
Biodiesel is already widely used globally as it is biodegradable with lesser particulates, 
carbon monoxide and sulfur oxide combustion emissions than conventional fuels. 
Microalgae-derived biodiesel has thus become the focal area of global 
biotechnological research as microalgae possess a production potential unmatched by 
terrestrial bioenergy crops in providing a scalable, low-carbon, renewable feedstock 
without adversely affecting the supply of food and other crop related products (Chisti, 
2007). Biodiesel feedstock from microalgae can also be developed sustainably since it 
can be grown using non-arable land, and requires significantly lesser area than the 
terrestrial crops (Chisti, 2007). Other benefits include: 
 microalgae have biomass productivities many times higher than terrestrial 
bioenergy crops;  
 lipid productivity of some algae strains is particularly high ;  
 by capturing waste CO2 emissions and converting it to exploitable lipids, 




emissions and off-setting fossil fuel consumption (Huntley and Redalje, 2007; 
Wang et al., 2008);  
 microalgae can also be  applied for waste water treatment, thus not only 
producing feedstock, but also solving environmental problems;  
 microalgae can be cultivated in variable climates and in marginal lands which 
are not suitable for conventional agriculture;  
 cultivating marine microalgae in seawater or waste water reduces pressure on 
freshwater shortages in many regions;  
 microalgae-derived biodiesel feedstock production does not threaten food 
supplies and biodiversity. 
These benefits highlight the attractiveness of microalgae-based biodiesel as an 
alternative, sustainable fuel source for substituting fossil fuels. Besides advantages, 
there are several drawbacks of microalgae-derived biodiesel, e.g. costly microalgae 
feedstock production, technical challenges in downstream processing of microalgae 
biomass, and so on. Firstly, the costly production of microalgae biomass and 
harvesting biomass out of liquid medium makes the cost of microalgae-derived 
biodiesel significantly higher than petrodiesel. According to literatures, current costs 
for producing microalgae-based feedstock must be decreased 5-20 times in order to 
compete with that of petrodiesel (Chisti, 2007; Huesemann and Benemann, 2009). 
Currently, microalgae could be cultivated in low-cost culture systems such as open 
ponds. However, open pond systems produce low yield of biomass, which results to 
high cost for dewatering microalgae biomass. Moreover, other contaminated 
microorganisms easily decline the yield of microalgae biomass cultivated in open pond 
systems. Thus, optimizing operation systems for low-cost biomass production is a 




as oil extraction processes and biodiesel conversion are required comprehensive 
studies. In order to reduce the price of microalgae-derived biodiesel, the valuable 
components in microalgae should be collected for different industries such as 
nutraceutical, cosmetic, pharmaceutical, human supplements, fertilizer, etc. By 
exploiting co-benefit factors from microalgae feedstock, the cost-effective microalgae 
biofuels could be achieved.  Thirdly, microalgae oil feedstock contains high proportion 
of very long chain unsaturated fatty acids which is affected biodiesel quality. 
Overcoming these hurdles could make microalgal biodiesel to become commercialized 
fuel. Subsequent sections will cover the research needs and objectives of this project. 
More detailed discussions of previous and on-going research on the development of 
microalgae feedstock for biodiesel will be presented in Chapter 2. 
1.2. Research needs and objectives:   
Significant scientific and engineering challenges remain to the full commercialization 
of microalgae-to-biofuel technology. Specific research needs are summarized below: 
 
  Only a limited number of microalgae strains are reported to be suitable for 
biodiesel feedstock. Hence, screening of microalgae is a critical step where 
technical expertise is required for the screening of algae strains, with emphasis 
on high-throughput screening procedures for strain selection according to 
phenotypic characteristics.  
 A high intracellular oil content and fast growth rate are key criteria for 
microalgae selection for use as a biodiesel feedstock. Hence, techniques to 
enhance lipid and/or biomass productivity are essential. The sorting of rich-oil 
microalgae cells using flow cytometric cell sorting has been identified as an 




(Solomon et al., 1986). Other techniques include random mutagenesis of cells 
to increase genetic diversity prior to cell selection for enhanced lipid content 
and improved fatty acid composition. 
 The conventional method used to isolate microalgae strains from natural 
assemblages is agar plating. This method is time-consuming and requires labor-
intensive skills. Therefore, usage of flow cytometric cell sorting can overcome 
the drawbacks of conventional isolation. Flow cytometric cell sorting is a 
powerful technique to select target cells based on their size and fluorescence 
(Battye et al., 2000; Davey and Kell, 1996). Flow cytometric cell sorting is 
proposed as a potential technique to select oil-rich cells, but to date has 
received limited attention in phycological studies for the improvement of 
biodiesel feedstocks. 
 Further challenges exist in the development of effective biomass 
production/cultivation, and for efficient lipid extraction. A culture system to 
achieve balance between algae growth and cellular lipid accumulation must 
also be investigated.  
The overall aim of this research is to develop a local strain of marine microalgae as a 
rich source of lipids for the production of an indigenous biodiesel feedstock.  The 
following objectives have been identified, based on the use of flow cytometry coupled 
with cell sorting for the selection of microalgae strains, and strain improvement: 
1. To develop high throughput technique for screening and isolating indigenous 
strains of marine microalgae for intrinsic biomass and lipid production; 
2. To enhance lipid production of selected microalgae strains using flow cytometry; 




1.3. Scope of the thesis 
Flow cytometry coupled with cell sorting (fluorescence activated cell sorting or FACS) 
is a novel technique used to isolate single microalgae cells. FACS can also be used to 
improve microalgae strains via the selection of oil-rich cells. According to Solomon‟s 
report (1986) „Flow cytometry holds much promise for strain enhancement, but 
requires considerable developmental work‟,  a focus for this research therefore is that 
flow cytometry techniques can be applied to isolate/screen local microalgae  for 
neutral lipids, and then to improve lipid production of a selected microalgae strain. 
1.4. Outline of the thesis 
This thesis consists of nine chapters. The first chapter has contextualized this research 
and laid out the overall aims and objectives. In particular, it provides an important 
understanding of worldwide demand of renewable biofuels and how microalgae 
biodiesel has emerged as a sustainable fuel source.  
Chapter 2 summarizes existing knowledge relevant to the research. The chapter 
focuses on existing cell screening techniques for microalgae, particularly the 
characteristics of Nannochloropsis sp. Literature on the lipid content and its 
enhancement in microalgae are evaluated.  
Chapter 3 describes the key stage of the entire research project i.e. screening of marine 
microalgae from Singapore‟s coastal waters to select a viable candidate strain for 
biodiesel feedstock using flow cytometric cell sorting. The chapter describes the 
screening process for microalgae selection, and demonstrates that Nannochloropsis sp. 
is a promising species which grows robustly and contains a relatively high cellular 




experiments, covered in the later chapters.  This work has been published in the journal 
“Biomass and Bioenergy”,  35 (2011): 2534-2544. 
Chapter 4 details research on the optimization of algal lipid measurements using a 
gravimetric method where the total lipid content of microalgae biomass was extracted 
using different solvent systems. The work has been submitted as a manuscript to the 
journal “Biomass and Bioenergy” and is under review. 
Chapter 5 describes a high-throughput technique for Nile red (NR) staining and 
fluorescence measurement of intracellular lipids as a rapid and sensitive screening tool 
to estimate neutral lipid content of live microalgae. The method was improved by 
using glycerol or DMSO assisted staining in Nannochloropsis sp. cells. This work is 
published in the Journal of Applied Phycology,  23 (2011): 895-901. 
Chapters 6 and 7 present methods for enhancing cellular lipid content of 
Nannochloropsis using flow cytometric cell sorting technique and random 
mutagenesis. Sequential cell sorting using the FACS technique was used to 
successfully enhance lipid production of Nannochloropsis sp (chapter 6). In chapter 7, 
random mutagenesis was used to increase the saturated, monosaturated or total fatty 
acid content of Nannochloropsis with the objective of enhancing biodiesel feedstock. 
The work is published in the journal “Global Change Biology-Bioenergy”, 3 (2011): 
264-270, and another manuscript has been submitted to journal “Algae Research”. 
Chapter 8 describes the cultivation of the improved Nannochloropsis strain in a pilot 
scale raceway ponds (250 L). Nannochloropsis was manipulated in the mass culture 
system via the supplement of carbon sources (e.g. glycerol and sodium acetate) to 




Finally, chapter 9 summarizes the major findings of the research, and suggests areas 
for future investigation. 
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Microalgae-derived biodiesel has become a focal area of global biotechnological 
research as it holds the potential to provide a scalable, low-carbon, renewable 
feedstock (Chisti, 2007; Mata et al., 2010; Scott et al., 2010). To obtain an overview of 
current research on microalgae biofuels, the relevant literature has been reviewed, 
focusing on the following themes:  
i) sustainability of microalgae-based biofuels;  
ii) screening/selection of promising strain(s) among thousands of available 
microalgae species, particularly related to a potential marine microalgae strain, 
Nannochloropsis sp;  
iii) low-cost, mass cultivation systems to produce selected microalgae biomass for 
biodiesel feedstock;  
iv) current techniques for microalgae lipid determination and lipid-production 
enhancement. Based on the review, specific research needs are presented. 
2.1. Microalgae, a sustainable feedstock for biodiesel production 
Microalgae are a very varied and highly specialized group of organisms. In general, the 
systematic identification of algae is based on the kinds and combinations of 
photosynthetic pigments present in different algal species. In addition, the chemical 
nature of the storage products and algal cell walls also play an important role in the 
definition of the various algal groups. Microalgae have been exploited for nutraceutical 






1996), and especially for energy purposes in recent decades (Gouveia and Oliveira, 
2009; Hu et al., 2008b; Mata et al., 2010). The US Aquatic Species Programme (ASP), 
from 1978-1996 was the first comprehensive research and development programme for 
the development of algal biofuels, and established basic and applied R&D milestones 
for algae-biofuel research. Out of the more than 3000 species studied in the ASP, about 
300 species have been made available for worldwide research on biofuel production.  
The collected species belong to multiple major groups including: green algae 
(Chlorophyceae), diatoms (Bacillariophyceae), golden-brown algae (Chrysophyceae), 
red algae (Rhodophyceae), brown algae (Phaeophyceae), dinoflagellates 
(Dinophyceae), prymnesiophytes (Prymnesiophyceae), „pico-plankton‟ 
(Eustigmatophyceae) and cyanobacteria (Cyanophyceae) (Sheehan et al, 1998). The 
ASP revealed that many microalgae could accumulate neutral lipids for conversion 
into biodiesel. However, diatoms and green algae were the groups with the most 
potential, in which the most promising genera were Amphora, Chaetoceros, Chlorella, 
Cyclotella, Monoraphidium, Nannochloris, Nannochloropsis, Navicula, Nitzschia, 
Phaeodactylum, Tetraselmis, Thalassiosira (Jarvis, 2008). Although the ASP was 
closed down due to lack of financial support and the high-cost algae biodiesel at that 
time, it established a research foundation for the development of microalgae biodiesel 
which still exists today. Recently, there has been a return of interest in microalgae with 
high oil productivity for biodiesel production. Depending on the species, microalgae 
produce different kinds of lipids, hydrocarbons and other complex constituents 
(Banerjee et al., 2002; Guschina and Harwood, 2006; Harwood and Guschina, 2009). 
Algal lipids can be converted into bio-jet fuel or biodiesel fuels while algal 
carbohydrate is a feedstock for bioethanol, biohydrogen or biomethane  (see Fig 2.1) 
(Pienkos and Darzins, 2009). However, Knothe (2005) pointed out that not all algal 






fatty acids (PUFA) which can result in low quality of biodiesel. Hence, microalgae 
screening is an obligatory step for algae biodiesel production  projects.  
According to Pienkos and Darzin (2009), the main components in oleaginous algae 
biomass comprise on maximum 60% total lipids and 40% carbohydrates and protein, 
which algal oils are feedstock for biodiesel, green fuel and bio-jet production and algal 
carbonhydrates are sources of ethanol and other products (refer Fig 2.1). Mata et al. 
(2010) and Chisti (2007) summarized that microalgae oil production per unit area is 
15–300 times greater than other bioenergy crops. In addition, biomass yield per hectare 
of microalgae is over 16 fold higher than oil palm, the best current oil plant (Schenk et 
al., 2008). Moreover, microalgae synthesize and accumulate large quantities of neutral 
lipids/oil [20–50% dry cell weight (DW)] and grow at high rates (e.g. 1–3 
doublings/day) (Hu et al., 2008b; Williams and Laurens, 2010). Microalgae have faster 
doubling times and shorter growing cycles than crop plants, allowing for more 
frequent harvests, with  lipid yield greater than the first or second generation sources of 
biodiesel feedstock. Using microalgae to produce biodiesel will not compromise 
production of food crops. Overall, microalgae are a promising source of renewable, 
sustainable biofuels, capable of meeting the global demand for transport fuels with 







Figure 2.1. Algal biomass product streams (Pienkos and Darzins, 2009) 
 
2.2. Screening/ selection of marine microalgae for biodiesel production 
Screening and selection of suitable strains is an essential process prior to the 
investigation of suitable microalgae strains for mass cultivation for biodiesel 
feedstock. Moreover, it is also critical for biofuel production in a specific location. 
Sheehan (1998) described the characteristics of major promising groups in the ASP. 
Diatoms are one of the most common distributed groups of microalgae (i.e. ca. 
100,000 species are known). As diatoms require silicate in their culture media, the cost 
for biomass production is typically higher than others. Green algae are also abundant, 
with approximately 8000 identified species. Lipid content in green algae can be 
improved using N-depletion stress, but this stress might also decrease biomass 
productivity, leading to unchanged net lipid productivity . Other groups of golden-
brown algae, Prymnesiophytes and Eustigmatophytes contribute several important 






screening results in the ASP are a valuable contribution for subsequent research and 
further strain improvement. During the screening process, the influence of factors such 
as temperature and light intensity has been evaluated (Carvalho et al., 2009; Cho et al., 
2007). Hu (2008b) highlights that selected algae should possess the following 
properties (i) fast growth rate (>1 doubling per day) and (ii) sufficient lipid content (at 
least >30% of dry wt.) under various culture conditions. Besides, selected strains are 
able to uptake organic waste carbon (i.e. mixotrophic growth), thus biomass 
productivity and lipid accumulation could be enhanced substantially (Liang et al., 
2009; Xu et al., 2004). Furthermore, marine microalgae are a priority choice, so that 
unlimited volumes of seawater can be used in cultivation without conflict with 
freshwater resources (Matsumoto et al., 2010). In addition to high lipid content and 
biomass production, other criteria for microalgae selection for biodiesel feedstock 
include hypersalinity, thermal tolerance and/or efficient flue gas sequestration (de 
Morais and Costa, 2007; Dempster and Sommerfeld, 1998; Yoo et al., 2010). A 
screening procedure encompassing these criteria should be developed to enable 
selection of suitable microalgae species for biodiesel feedstock.  
For mass microalgae cultivation, contamination by adventitious organisms must be 
controlled. The ability of an algae strain to avoid contamination depends substantially 
on strain selection. Some strains can grow in extreme culture conditions for which 
contaminating organisms cannot (Galloway, 1990; Sukenik et al., 2009). Optimization 
of temperature, nutrients and CO2 supplied to the culture is required (Benemann et al., 
2002; Rousch et al., 2003). In most cases, neutral lipid (mostly in the form of 
triglycerides, TAG) is enhanced when culture conditions are unfavorable for algae 







Rodolfi et al. (2009) screened thirty microalgal strains for their biomass productivity 
and lipid content and found that only the eustigmatophyte Nannochloropsis sp. F&M-
M24 accumulated lipid content in the range of 30.9 - 60% of DW with and without 
nitrogen starvation (see Table 1) and could grow robustly in a outdoor photobioreactor 
under N-deprivation. Rodolfi‟s study is noteworthy as it represents a successful 
screening process to select oil-rich strain(s) for biodiesel feedstock. Other reports by 
Chiu (2009), Converti (2009) and Gouveia (2009) also concluded  that 
Nannochloropsis  is  viable for biodiesel production.  
Table 2.1. Lipid contents and lipid productivity of the 30 microalgae strains cultivated 
in 250 ml flasks (Khan et al., 2009; Rodolfi et al., 2009)  
Algal 
group 
















Chaetoceros muelleri F&M-M43  
Chaetoceros calcitrans CS178 
P.tricornutum F&M-M40 
Skeletonoma costatum CS 181 
Skeletonoma sp. CS 252 






















T. suecica F&M-M33 
Tetraselmis sp. F&M-M34 
T. suecica F&M-M35 
 Ellipsoidion sp.F&M-M31 
Chlorella sp.F&M-M48 




























Chlorella vulgaris CCAP 
211/11b 
C. vulgaris F&M-M49 
Chlorococcum sp. UMACC112  
Scenedemus quadricauda  
Scenedemus DM 





















Nannochloropsis sp. CS 246 
Nannochloropsis sp. F&M-M26 
Nannochloropsis sp. F&M-M27 
Nannochloropsis sp. F&M-M24 
Nannochloropsis sp. F&M-M29 


























Isochrysis sp.(T-ISO) CS177 
Pavlova salina CS49 
Isochrysis sp.F&M-M37 













Red algae Porphyridium cruentum Marine 9.5 34.8 
 
Nannochloropsis sp. 
The genus Nannochloropsis is difficult to identify as the cells are small and 
indistinguishable from other chlorophytes by light microscopy observation. To date,  
Nannochloropsis occupy only a small portion of isolates, including  N. oculata,  N. 






(Karlson et al., 1996),  N. oceanica sp. nov. (Suda et al., 2002), N. limnetica (Krienitz 
et al., 2000), etc. Many isolates of Nannochloropsis have been deposited in various 
culture collections.  
Species of Nannochloropsis have common characteristics, such as the absence of 
chlorophyll b, c, and cellular xanthophylls pigment, and a relative high content of 
Eicosapentaenoic acid (EPA) (Sukenik, 1999). Lipid classes of Nannochloropsis 
consist of polar lipids and neutral lipids. Polar lipids include 45% of glycerolipids (e.g. 
monogalactosyl diacylglycerol (MGDG), digalactosyl diacylglycerol (DGDG)) and 
phospholipids (e.g. phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 
phosphatidylinositol (PI) (Sukenik, 1999). Neutral lipids comprise triacylglycerol 
(TAG), hydrocarbon-wax and sterol esters. The major fatty acids in Nannochloropsis 
comprise of C14:0, C16:0, C16:1, C20:4n6 and C20:5n3  (Sukenik et al., 1993). The 
short chain fatty acids of C14:0, C16:0 and C16:1 predominate in TAG while the very 
long chain, polyunsaturated fatty acid C20:5n3 is mainly concentrated in the 
galactolipids, phosphatidyl glycerol (PG), MGDG and DGDG. Fatty acid C20:4n6 is 
enriched in PE. PC contains high proportion of C18:1n9 and C18:2n6 (Sukenik, 1999). 
Biosynthesis of lipid and PUFA 
Intensive studies on lipid synthesis in higher plants serve as the preliminary model for 
understanding lipid synthesis in microalgae, and have been used for investigating of 
PUFA synthesis in Nannochloropsis. PE and PC are intermediates in the synthesis of 
C20:5n-3 (Schneider and Roessler, 1994). Schneider and Roessler proposed that C18:0 
is desaturated to C18:3n6. Then, the 18:3n-3 is elongated to become C20:3n-6, which 
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Figure 2.2. A schematic model for the major pathway of PUFA synthesis in 
Nannochloropsis (Sukenik, 1999) 
 
The model in Fig. 2.2 specifies that C20:4 n6 is a substract of C20:5 n3. The strong 
evidence to support this hypothesis comes from a radio-labeling study on substract-
product relationship between C20:4n6 and C20:5n3 (Schneider and Roessler, 1994). 
Additional support for this model comes from Schneider‟s finding on a 
Nannochloropsis mutant (1995) which was devoid of C20:5n-3, leading to the greatest 
extent of C20:4n-6, concomitantly with an increase of C16:0 and C16:1. 
Criteria for selecting Nannochloropsis as a potential source for biodiesel production 
Prior to selecting an appropriate strain for biodiesel feedstock in mass culturing 
systems, i.e. raceway ponds or outdoor photobioreactors (PBRs), four specific 
characteristics of the strain must be compared  i.e. the optimal culture conditions, the 
lipid content, the fatty acid profile and the specific growth rate.  
Firstly, the optimal culture condition of selected strains must be similar to the 
environmental conditions where the organism was isolated in order to reduce costs 
incurred via controlling culture conditions. Thus, the environmental conditions are a 
function of the geographic location and climate condition, which determine 
temperature, daily solar cycles and seasonal variation. For this reason, suitable strains 
are likely to be indigenous to locations of high temperature and high solar irradiance 






isolated strains, since a native strain is likely to acclimate well in the highly variable 
environment of outdoor mass cultures.  
Secondly, the lipid content of microalgae (as percentage of dry biomass), is preferred 
in form of storage lipids (i.e. triglycerides), is an important parameter to select strain as 
biodiesel source. This parameter will influence the cost of downstream processing of 
microalgae-derived biodiesel, whereas the fatty acid profile will influence the quality 
of biodiesel fuel (Chisti, 2007). Singh and Gu (2010) reported that if the lipid content 
of microalgae were 60% dry weight, the cost for biodiesel production can be reduced 
by half as much as the species with low lipid content (i.e. ca 20-25% dry wt.).   
Thirdly, fatty acid composition influences critical parameters in the final biodiesel 
product, i.e. oxidation stability, cetane number, iodine value and cold-flow properties 
etc. According to Knothe‟s (2005) and Ramos‟ et al. (2009) results, a high proportion 
of saturated fatty acid and monounsaturated fatty acid in microalgae oil led to a high 
cetane number and iodine value (i.e. promoted ignition quality), but reduced cold-flow 
properties. Thereby, Ramos et al. suggested a triangular graph based on the 
composition in monounsaturated, polyunsaturated and saturated methyl esters to 
predict the critical parameters. Some studies have the same conclusion that raw 
feedstocks which are rich in C16:0 and C18:0 (i.e. leading to high cetane number) and 
low in the proportion of PUFAs are the best choice for biodiesel production 
(Harrington, 1986; Knothe, 2009; 2003) 
Lastly, the specific growth rate of the selected strain, will affect maximum biomass 
productivity under optimum culture conditions. Thurmond (2009) suggested that key 
strategies for successful algae biofuels commercialization include selection of “fatter” 






microalgae strains with rapid growth and lipid content in range of 20-50% of DW are 
potential sources for biomass production. These suggestions and strategies open a 
guideline for screening microalgae from Singapore‟s waters for biodiesel feedstock. 
Of the more than 40,000 defined species of microalgae, only a limited number are 
suitable as a biofuel source (Sheehan et al., 1998). Moreover, in mass cultivation the 
candidate strain must be able to compete with other microorganisms such as fungi and 
bacteria. Marine microalgae, which can grow in hypersalinity conditions under high 
temperatures and strong solar irradiance, can surmount the competition . In this sense, 
Nannochloropsis sp. strains that can  grow robustly in tropical weather are favored for 
biodiesel/biofuel feedstock, where optimum growth temperature is in the range of 20-
25
o
C (Sukenik, 1999),   i.e. similar to annual average temperature of tropical climates. 
Thus, Nannochloropsis sp is a promising candidate for biodiesel feedstock in the 
marine environment of Singapore. To date, there are no previous studies in screening 
marine microalgae, especially Nannochloropsis, from Singapore„s coastal waters for 
biodiesel feedstock. 
 2.3. Cultivation of microalgae 
To produce feedstock for biodiesel, selected strains must be grown efficiently in mass 
culture systems. Current systems to cultivate microalgae include closed, open ponds, 
and photobioreactors. Each system has its own advantages and drawbacks. Closed 
ponds are similar to open ponds, but are covered for preventing strong sunlight 
irradiation and overheating. Open ponds have been built in many shapes and forms. 
Harun et al. (2010) concludes that factors including orientation of ponds, local climate 
(i.e. temperature, light for photosynthesis and humidity) and types of algae strain are 






experimented with both wild type and mutant strains of Cyclotella sp in raceway ponds 
and investigated light utilization efficiency and biomass productivity. Biomass 
productivity in the raceway pond was lower than in laboratory cultures and the cultures 
crashed upon competition of predators or competitors. Besides, high light intensity in 
outdoor cultivation may result in photo-inhibition of algae growth. Lee (2008) reported 
that only a limited range of resistant microalgae species are cultured in open ponds due 
to the severe culture environment (Dunaliella-high salinity, Spirulina-high alkalinity, 
and Chlorella-high nutrition). Raceway ponds are commonly used in research and 
industry due to reasonable capital, operation and maintenance (O&M) costs with low 
energy consumption. Jorquera et al. (2010) compared the net energy ratio (NER) for 
biomass production of oil-rich Nannochloropsis sp in raceway pond, tubular and flat-
plate photobioreactors and found that the use of tubular photobioreactors was not 
feasible (NER<1) while that of raceway ponds and flat-plate photobioreactors were 
more economically feasible for mass cultivation for the purpose of biofuel generation 
(NER>1). Besides less costly to establish and operate, open ponds produce lower 
biomass yields than photobioreactor systems which incur higher O&M costs (Hu et al., 
2008a). Due to the advantages of open pond, it raises the opportunity that open ponds 
will be an effective culturing system for algae biomass production if cultures are 
manipulated to elevate biomass productivity and lipid accumulation. 
2.4. Determination lipid content of microalgae 
2.4.1. Solvent extraction and gravimetric measurement 
As algae lipids are feedstock for biodiesel production, optimization of algal extraction 
to maximize the yield of lipid extracts is essential. Factors influencing extraction 
efficiency such as method used for extraction, humidity of raw algae biomass (i.e. wet 






usually investigated. Common methods for lipid extraction include the oil press, 
solvent extraction, accelerated solvent extraction (ASE) and ultrasound techniques. 
The oil press is suited for extraction of oil from dry microalgae biomass, where oil is 
obtained under high pressure compression. This method is simple, but needs a 
relatively long extraction time (Martínez et al., 2008). For solvent extraction, dry algae 
biomass or algae paste in water are added to solvents such as chloroform, 
dichloromethane, acetone, ethanol, hexane, petroleum ester, etc (Converti et al., 2009). 
Solvent mixtures (i.e. two miscible solvents mixed to one system) like Bligh‟s (1959) 
and Folch‟s procedure (1957), or  two-step extraction of ethanol (96%) and then 
hexane/water as mentioned  in Fajardo‟s report (2007) have usually been used to 
increase extraction efficacy. Solvents will break down the microalgae cell wall and 
dissolve the lipid into the solvents. Crude lipids are then separated out of solvent 
extracts by evaporation or distillation. Morrison and Conventry (1989) found that 
extraction yield was increased under high temperature (100
o
C) - a finding exploited in 
the accelerated solvent extraction (ASE) system. In addition, the study reported  that 
certain fatty acids were more extractable under elevated temperature,  particularly 
saturated fatty acids, e.g. C16:0 palmitic and C18:0 stearic acid. However, extraction 
yields of PUFA were decreased with hot solvents, like propanol – water (3:1,v/v), 
water saturated  butanol, methanol and methanol – water (85:15,v/v).  
Another mode of extraction is accelerated solvent extraction (ASE), that makes use of 
high pressures and temperatures to rupture the cells and is extremely time efficient. 
Upon comparison of the efficiency between conventional extraction (i.e. Folch‟s 
procedure) and ASE in extracting lipids, the latter method was found to be more 
promising especially for a  wide range of plant and animal tissues (Schafer, 1998). 






system and temperature used, thus optimization will be required for a specific 
microalgae strain. For algae biomass extraction, Mulbry (2009) optimized extraction 
conditions, in solvent systems, for various temperatures and pressures using an ASE 
process for comparison against a manual Folch procedure. The ASE method yielded 
higher values for extracted total lipid content, but similar fatty acid content and 
composition. Optimization over a number of extraction cycles is important for the 
quantitative measurement of algae oils and other phytochemicals.  Moreover, solvent 
extraction using hexane was found to give similar results on ASE and conventional 
procedure. 
Ultrasound is another extraction method for microalgae lipids. Algae cells are exposed 
to a high-intensity ultrasonic wave that will create tiny cavitations bubbles around 
cells. Collapse of these bubbles emits shockwaves, shattering the cell wall and 
releasing intracellular compounds. With the assistance of ultrasound, extraction 
efficiency of fatty acids and pigments increases by up to 90% (Wiltshire et al., 2000). 
Pernet and Tremblay (2003) used ultrasound to extract lipids from the diatom 
Chaetoceros gracilis. Cell disruption prior to lipid extraction using sonication, 
grinding or combination of ultrasonic and grinding increased extraction efficiency of 
total lipid. In spite of intensive studies at laboratory scale, the disruption methods are 
not well reported for picopleustonic microalgae extraction such as Nannochloropsis. 
Further research in Nannochloropsis extraction is thus needed to maximize extraction 
yields. 
2.4.2. Nile Red fluorescence and flow cytometry 
2.4.2.1. Nile red (NR) fluorescence and neutral lipid determination 
NR is a lipophilic fluorescent dye used for intracellular lipid determination, capable of 






(1985). The findings provided an effective way to detect intracellular lipid droplets in 
both pro- and eukaryotic cells. Following Greenspan‟s studies, Cooksey et al. (1987) 
applied NR staining in microalgae cells and confirmed that Nile red is a vital stain. 
Cooksey‟s study opened-up an important application of Nile staining to separate 
microalgae cells with a high neutral lipid content. After Cooksey‟s report, many 
publications related to Nile fluorescence for neutral lipid determination of microalgae 
have been published, such as Priscu‟s (1990), Lee‟s et al. (1998), Elsey‟s (2007). 
However, Sheehan et al. (1998) reported that NR is not applicable for staining of some 
species which have a rigid, thick cell wall, such as Chlorella and Nannochloropsis  
Due to ineffective NR staining in Nannochloropsis cells, the species was excluded 
from experiments in the US ASP programme. This raised a need to develop enhanced 
neutral lipid staining methods as both Chlorella, Nannochloropsis as they are 
promising oil-rich species. Chen et al (2009) used solvent dimethyl sulfoxide (DMSO) 
as a stain carrier to effectively dye Chlorella vulgaris cells. However, survival of 
stained cells was not investigated in Chen‟s study and optimum staining conditions are 
still needed for other species.  
2.4.2.2. Flow cytometry and cell sorting 
Flow cytometry (FC) is the analysis of light scatter and fluorescence emitted from 
individual cells as they flow individually through an intensely focused light source at a 
rate of thousand of cells per second (Shapiro, 2003). A light scatter pulse is generated 
and collected both at forward angles (FSC) and right angles to the cell (side scatter, 
SSC). The FSC signal is influenced principally by cell size, whereas SSC is also 
influenced by refractive index and internal cell structure. The typical fluorescence 
parameters collected are green, yellow-gold and red fluorescence, as defined by the 






(fluorescent probes or autofluorescence) or fluorogenesis.  Many cellular 
characteristics, such as total protein, nucleic acid (DNA or RNA) content, and lipid 
content, can be examined by fluorescently labeling with appropriate dyes. In a typical 
FC, individual particles pass through an illumination zone, typically at a rate of some 
thousands cells per second, and appropriate detectors, gated electronically, measure the 
magnitude of a pulse representing the extent of light scattered. The magnitudes of 
these pulses are sorted electronically into “channels” permitting the display of 
histograms of the number of cells possessing a certain quantitative property versus the 
channel number. FC used for quantifying the growth, cell size, viability and lipid 
production of algal cultures, is faster and more accurate than conventional methods (da 
Silva et al., 2009b; Guzman et al., 2010; Raschke and Knorr, 2009; Wang et al., 2010). 
Da Silva et al. (da Silva et al., 2009a) used FC to determine NR fluorescence of stained 
cells and concluded that FC was a high throughput screening to select desired algae 
strains for oil production. In addition, FC has advantage in microbe enumeration in 
aquatic environments, and FC has successfully been applied to the isolation of single 
microalgae cells (Crosbie et al., 2003; Reckermann, 2000; Sensen et al., 1993).     
From the initial results from Cooksey‟s study, de la Jara et al.(2003) determined the 
neutral lipid content of NR stained algal cells using a FC. Results showed a significant 
relationship between NR fluorescence signals and the ratio of cellular neutral and polar 
lipid content. Based on the ability to discriminate neutral lipid via NR fluorescence of 
stained algal cells, Solomon et al. (1986) used fluorescence activated cell sorting 
(FACS) and a NR staining technique to separate oil-rich cells of Isochrysis, 
Ankistrodesmus and Nannochloropsis. However, study results were inconsistent and 
led to the conclusion that “Flow cytometry holds much promise for strain 






to be a promising technique to improve microalgae strains to enhance lipid production, 
research so far has been limited.  
2.5. Improvement of lipid production of microalgae via random 
mutagenesis and flow cytometric cell sorting 
Induced cell mutagenesis and mutant selection has been proposed as a method for 
microalgae strain improvement (de la Noue and de Pauw, 1988). Mutation  requires 
little knowledge of the biochemical pathways for the synthesis of desired products 
and minimum technical manipulation (Rowlands, 1984). Mutagens fall into two main 
categories i.e. physical (e.g. UV, gamma and X-rays) and chemical [e.g. ethyl 
methane sulfonate (EMS) and nitrosomethyl guanidine (NTG)]. Random mutagenesis 
on microalgae was conducted initially for commercial production of  valuable fatty 
acids such as arachidonic acid (AA), docosahexaenoic acid (DHA) or 
eicosapentaenoic acid (EPA), or pigment such as astaxanthin, carotenoid, etc. 
Galloway (1990) selected mutants of Monoraphidium, Nannochloropsis, and 
Navicula species with several mutagens such as UV irradiation and chemical mutagen 
(i.e. 5-fluorodeoxyuridine) and selective pressures were resistance or sensitivity of 
treated algae species with various antibiotic, herbicides or drugs. The goal of 
Galloway‟s work was enable the selection of multiple genetic markers or mutant 
phenotypes from the same original algal isolate. This study represents the first 
example of exploiting natural mutation in microalgae to understand the regulation of 
lipid accumulation. Subsequently, Alonso et al. (1996) generated mutants of 
Pheadactynum triconutum through two rounds of random mutation in order to create 
EPA-overproducing mutants. Random mutagenesis has been applied to enhance the 
target microalgae compounds such as AA, EPA and DHA (Chaturvedi and Fujita, 






(Zhekisheva et al., 2005), and to increase sequestration of CO2 (Collins and Bell, 
2006) and increase biomass productivity (Choi et al., 2008; Huesemann et al., 2008).  
To date, there are no studies on the use of random mutagenesis to increase the 
saturated, monosaturated or total fatty acid content of microalgae strains with the 
objective of enhancing biodiesel feedstock. 
According to literature review, the following specific research needs are summarized: 
 Indigenous microalgae isolation/screening is a core step for a biodiesel research 
project. However, there are limited of reports on precise, high-throughput 
techniques of isolation/screening up to now. The criteria for the selection of 
„fatter‟ and „faster‟ strains have to be integrated in the selection process. 
 Algae lipids, mostly in form of neutral lipids are converted to biodiesel. 
Determination of neutral lipid and total lipid content needs to be optimized. 
Lipid extraction needs comprehensive study to maximize the extraction yield 
and maintain the best quality of lipids for biodiesel feedstock.  
 Enhancement of lipid content of microalgae is a target of microalgae biodiesel 
research. Flow cytometry coupled with cell sorting is a powerful technique 
which can be applied to select oil-rich algae cells to generate improved 
lineages. Additionally, mutagenesis is a method to improve lipid accumulation 
of selected microalgae strains. 
 Mass cultivation is an important process to produce sufficient biomass for fuel 
demands. Optimization of culture in raceway ponds is needed to maintain the 
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Screening of Marine Microalgae for  
Biodiesel Feedstock 
3.1. Introduction 
Biodiesel, as derived from microalgae lipids, has become a focal area of 
contemporary,  global biotechnological research as it holds the potential  to provide 
a scalable, low-carbon, renewable feedstock without adversely affecting the supply 
of food and other crop related products (Chisti, 2007). The most productive 
terrestrial bioenergy crops, including palm and soybean oil, do not match the 
potential high productivity of microalgae (Banerjee et al., 2002; Chisti, 2008). 
Development of a microalgae-based biodiesel technology for biodiesel production 
has the potential to dramatically improve our common environment and move the 
world beyond a petroleum-based economy. However, significant challenges must 
be surmounted, including the effective and rapid isolation of microalgae strains that 
have a high intrinsic lipid content and biomass yield.  
The island state of Singapore lies 180 km north of the equator and has a year-round 




C, and an annual 
precipitation rate in excess of 2,500 millimeters (Yearbook of Statistic Singapore, 
2008). Singapore‟s coastal seas have a warm ambient temperature (approximately 
30
o
C) and contain a high biodiversity of marine life, including microalgae. This 
biodiversity represents a valuable resource for the development of an indigenous 
biodiesel feedstock in the form of microalgae lipid. Isolation of suitable microalgae 
from the natural environment is the first critical step in developing oil-rich strains 
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for further exploitation in engineered systems for the production of biodiesel 
feedstock.  
High-throughput cell-sorting, coupled with flow cytometry, is a powerful tool to 
facilitate the rapid and efficient isolation of microalgae strains for onward axenic 
culture. Microalgae have different photosynthetic pigments which emit various 
autofluorescence. These characteristics of microalgae have been applied in flow 
cytometry to identify algae (Davey and Kell, 1996). Isolation of microalgae from 
natural waters using flow cytometric cell sorting has been previously reported by 
Reckermann (2000) and Crosbie (2003), where chlorophyll was used as a 
fluorescent probe to distinguish between different strains of microalgae. 
Reckermann (2000) and Sensen et al.(1993) used the chlorophyll auto-fluorescence 
(CAF) properties of eukaryotic phytoplankton, diatoms and pico-autotrophic cells 
for isolation of axenic cultures, whereas Crosbie et al.(2003) used both red and 
orange auto-fluorescence to differentiate between algal strains. Green auto-
fluorescence (GAF) is also considered to be a valuable taxonomic characteristic of 
dinoflagellates (Tang and Dobbs, 2007), where GAF is common in both autotrophic 
and heterotrophic dinoflagellate species.  
Flow cytometry, in conjunction with cell sorting, also represents an invaluable tool 
for screening and exploiting microalgae strains for biodiesel feedstock 
development. In this study, the GAF and CAF properties of local marine 
microalgae were subjected to a cell-sorting protocol to differentiate and isolate 
microalgae strains, which were then subsequently screened for high biomass 
productivity and elevated levels of intracellular lipids.  




A Becton Dickinson (Mountain View, Calif.) FACSVantage SE flow cytometer 
fitted with a cell-sorter and a 100mW Argon ion laser (Spectra Physics, Darmstadt, 
Germany) and a 100 µm nozzle was used for experimentation. For single-cell 
sorting, the flow cell-sorter was operated with a drop-drive attenuation switched to 
a frequency of 21 kHz, a sheath pressure of 8-10psi, a drive frequency of 15-20 
kHz and an average sample flow rate of 110-170 events.s
-1
. Prior to sorting, 
instrumental tubings were sterilized by flushing with 70% ethanol for 30 min., 
followed by an autoclaved phosphate buffered saline (PBS) sheath fluid constituted 
from NaCl (0.137 M), KCl (2.7 mM), KH2PO4 (1.4 mM) and Na2HPO4 (0.01 M). 
A Perkin Elmer LS-55 fluorescence spectrometer (Perkin-Elmer Corp) was used to 
determine Nile red (NR) fluorescence of stained microalgae. The wavelength of 
excitation and emission were 480nm and 575nm respectively (excitation and 
emission slits at 5nm), as based on the methodology described by Elsey et al. 
(2007). 
3.2.2. Sampling sites and cultivation conditions 
Seawater samples were collected at five locations in Singapore‟s coastal waters (see 
Figure 3.1). Sample locations circumnavigated Singapore‟s coastline, so that 
microalgae collected represented as diverse a taxa as possible. Samples were 
collected at 50cm depth using a 15µm-mesh plankton net, and then stored in cool 
boxes for transportation to the laboratory. Samples were then inoculated into 
enriched medium f/2 (Guillard, 1975) and Walne‟s medium (Walne, 1970) prior to 
placement in a photoincubator set at 25±1
o





 (as supplied by cool-white fluorescence tubes) and a 12:12h dark:light 
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photoperiod for 3 days. Following incubation, microalgae were isolated via flow 










Figure 3.1. Sampling locations: Kranji, Pulau Ubin, Changi, St. John Island and 
Second Link 
 
3.2.3. Automated isolation using flow cytometric cell sorter  
The sorting protocol of microalgae cells was based upon the differential and 
relative distribution of red fluorescence (representing CAF of microalgae) against 
forward-light scatter (FSC), representing cell size and green fluorescence vs. red 
fluorescence simultaneously. When a cell population exhibited weak CAF, the 
GAF was utilized for supplementary confirmation. With excitation at 488nm using 
an argon laser, the CAF of microalgae was measured through a 635±20nm long-
pass filter and GAF via a 530±30nm band-pass filter. Two-dimensional profiles of 






FSC against red fluorescence and green fluorescence vs. red fluorescence were 
electronically plotted where the sorting windows were positioned at optimal areas 
within the distribution of an algal cell cluster. Using a two-dimensional cytogram of 
GAF against CAF for the selection and isolation of microalgae represents an 
efficient sorting technique. For example, as can be seen in Figures 3.2a and 3.2b, 
the microalgae group labeled „R4‟ had a weak CAF, but a high GAF. To establish 
axenic cultures during the sorting process, cells were selected on the basis of the 
highest relative fluorescence according to the procedure described by Sensen 
(1993). Figures 3.2a and 3.2b show typical examples of flow cytometric dot plots 
for an enriched microalgae culture, where regions displayed in rectangle show the 
sort gates associated with each algal cluster. Individual sorted single cells were 
placed into separate culture wells of a 48-well incubation plate (Iwaki, 3830-048), 
where each well contained 0.5mL of f/2 and Walne medium. 
3.2.4. Control procedure for verifying a single sorted cell per well: 
Crosbie‟s procedure was used to strictly deposit one cell into a single culture well 
(Crosbie et al., 2003), where cells were sorted into odd row numbers of a multi-well 
plate, leaving the even rows of the culture plate blank. After each sorting cycle, 
each well was thoroughly mixed with a pipette, and half the volume was transferred 
to the adjacent well on an even row. If more than one cell was originally sorted i.e. 
if growth occurred in both the collected and the transferred wells, this represented a 
misplacement of sorted cells and was rejected – a procedure that ensures that all 
subsequent cultures are only generated from single-sorted cells. Following 
inoculation and colony formation, 250µL of medium from the well was analyzed 
using an Epics Altra
TM
 flow cytometer to determine the purity of isolated strains. 
Expo32 version 1.2B for Altra (Beckmann Coulter) software was used for data 
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acquisition and processing. 10 µL of either 3-µm or 10-µm fluorospheres 
(Beckmann Coulter) were added to samples as an internal cell size reference 
standard. 
3.2.5. Determination of growth rate  
The isolated microalgae strains were screened to identify those which grew most 
rapidly and accumulated the highest biomass and intracellular lipid. The isolated 
strains were scaled-up from colonies grown in the microplates to 5 mL in culture 
flasks to be used as stock solutions for further characterization. Motile strains and 
flagellate microalgae were cultivated in Walne medium, where the rest of isolated 
strains were grown in f/2 medium. All cultures were maintained in a photoincubator 
at 25±1
o




 and a 12:12h, light/dark period 
with manual shaking twice per day. The growth rate of each strain was 
characterized based on cell counts every two days using an Improved Neubauer 
haemocytometer slide under bright-field contrast microscopy (Olympus IMP-2, 
magnification 20-40x) or via optical density at 680nm wavelength (OD680nm) in a 
Hitachi U-2900 spectrophotometer.  The specific growth rate of each isolate was 
calculated from the slope of the linear regression of time (days) and cell density 
(cells.ml
-1
), as specified by Wood, et al  (2005) i.e:   µ= (ln Nt  − ln No )/(t − to ) 
Where Nt is cell density at time (t), and No is cell density at the start of the 
exponential phase (to). 
3.2.6. Nile red (NR) fluorescence of microalgae 
The increase in intracellular neutral lipid during the growth cycle of isolated 
microalgae strains was measured via fluorescence intensity of NR stained cultures 
(Cooksey et al., 1987) simultaneously to cell growth. 10µL of NR was added to 
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3mL of algal suspensions which was then vortexed for 1 min prior to incubation for 
10 min in darkness at room temperature. NR emits a yellow-gold fluorescence 
when dissolved in neutral lipid which is the best substrate to produce biodiesel 
(Alonzo and Mayzaud, 1999; Shapiro, 2003). Fluorescence intensity of a stained 
suspension of microalgae was measured at an excitation and emission wavelength 
of 480nm and 575nm respectively using an LS-55 fluorescence spectrometer 
(Perkin-Elmer Corp.) normalized at an optical density of 0.2 at wavelength 680nm 
(OD680).  The microalgae suspension without NR, considered as auto-fluorescence, 
was also measured and subtracted from that measured as NR fluorescence. 
3.2.7. Biomass dry weight and total lipid content at stationary phase 
Cells at stationary phase were harvested and lyophilized. The total lipid content was 
extracted by solvent and determined gravimetrically.  
3.2.7.1. Biomass dry weight (DW) 
100ml of algal suspension was centrifuged at 5000rpm for 10min to produce 
biomass pellets. Pellets were then washed in 0.5M of ammonium formate (twice) to 
remove salt. The algal pellets were then lyophilized in a freeze drier (Christ Alpha 
2-4, Germany) to dryness to measure cell dry weight and total lipid content.  
3.2.7.2. Total lipid extraction 
Lipids were extracted from dry biomass pellets using a modified solvent based 
method derived from Folch (1957). First, lyophilized algal pellets were transferred 
into a chloroform/methanol (2:1, v/v) mixture and homogenized (Heidolph 
homogenizer DIAX900, Germany) for 10 min. This was followed by centrifugation 
at 5000 rpm at 12
o
C for 10 min (Biofuge Stratos, Germany). The supernatant was 
collected in a separation funnel. The entire extraction process was repeated twice. 
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Sodium chloride solution (0.9%) was then added at a proportion of 1:5 v/v of lipid 
extract. The extract was then shaken vigorously for 1 min and allowed to undergo 
phase separation for 15 min. The chloroform layer was collected and dried initially 
in a rotary evaporator, and then in an oven at 80
o
C to constant weight. The total 
lipid was then quantified gravimetrically. 
3.2.8. Fatty acid determination 
The fatty acid methyl esters (FAMEs) profile of the microalgae lipids was used as a 
proxy for the fatty acid profile. FAMEs were prepared via the direct methylation of 
fatty acids in the presence of an HCl catalyst according to the procedure given by 
Lewis (2000). Dry algal biomass was reacted directly with a mixture of methanol, 
chloroform and HCl (10:1:1 v/v/v) in 10ml crimped vials at 90
o
C for 2h. FAMEs 
were then extracted using hexane/chloroform (4:1, v/v) and analyzed via gas 
chromatography using an ion trap (GC-QP2010, Shimadzu, Japan). Fatty acid 
profiles of the microalgae strains were deduced by comparison with a 37 FAME 
mix standard (i.e. Supelco 37 FAME mix, C4-C24). Each sample was spiked with 
n-heptadecanoic acid (C17:0) to a final concentration of 1ppm as an internal 
standard. The capillary column of the GCMS was a DB-5MS, of 30m length, a film 
thickness of 0.25mm and an internal diameter of 0.25µm. Helium was used as the 





C respectively. The temperature program of the GC was held at 50
o
C for 2 min 
and then increased to 150
o




, then to 185
o
C for 2 min and 
finally to 300
o
C for 2min. 
3.2.9. Strain screening procedure 
Screening was carried out using the procedure expressed in Figure 3.3. The 
procedural order was: sampling, automated isolation, pre-screening and screening. 
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Selection criteria for screening were based on biomass productivity and 
intracellular lipid content. Strains which demonstrated comparatively high biomass 
productivity, lipid content, and a suitable fatty acid profile were selected. 
3.2.10. Statistical analysis 
Statistical analyses were performed using SigmaStat 3.5 software. The screening 
data were analyzed using either a t-test or one-way analysis of variance (ANOVA), 
followed by a Student-Newman-Keuls (SNK) multiple comparison test. Differences 
were considered significant at p<0.05.  
3.3. Results and Discussion 
3.3.1. Sampling sites  
Five marine water locations were sampled around the coast of Singapore. The 
average temperature of the surface water was between 25 and 30
o
C, and salinity 
ranged from 18‰ (at Kranji) to 37‰ (at Changi).  
3.3.2. Automated isolation using flow cytometric cell sorting 
Isolation of suitable microalgae strains is an essential prerequisite for biodiesel 
feedstock production. Since microalgae are taxonomically diverse and not all 
strains are able to be cultured, the efficient isolation of microalgae is essential. The 
use of flow cytometric cell sorting is a powerful tool for the selection of microalgae 
with the desired phenotypes for feedstock production. Flow cytometry combined 
with single-cell sorting is a high-throughput technique for screening and isolating 
microalgae from heterogeneous assemblages. Based on the developed protocols for 
FSC (indication of cell size) vs. red fluorescence (indication of CAF) or red 
fluorescence vs. green fluorescence, a total of 96 strains of microalgae were 
isolated from the five marine sample locations (see Table 3.1). As seen in Figure 
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3.2, R1 is a group of microalgae which attained weak red and green fluorescence 
while group R2 had higher red and green fluorescence. Red and green fluorescence 
of group R3 were highest, whereas red fluorescence of R4 was lowest amongst the 
groups, but its green fluorescence was as high as the R3 group. The result 
demonstrates that the size and chlorophyll content of sorted cells corresponds with 
sorting criteria, i.e. sorted cells of group R1 and R2 had a size of approximately 
3µm, and group R3 10µm. CAF in each of the groups differed, where group R4, 
which was low in red fluorescence, was successfully sorted based on its GAF. In 
this study, the CAF of microalgae was used successfully as a biomarker to 
distinguish and isolate microalgae in natural seawater samples. Using the CAF vs. 
GAF protocol diverse taxa of microalgae was isolated. In agreement with previous 
studies by Tang and Dobbs (2007) and Lage (2001), the GAF protocol aided in the 
taxonomic identification  of dinoflagellates, diatoms, green algae, cyanobacteria, 
and raphidophytes.   
The characteristics of the isolates are documented in Table 3.1. Most isolates (i.e. 
83% of the total) were diatom species belonging to the genera of Skeletonema, 
Thalasiosira, Chaetoceros and Cyclotella sp. Green microalgae, i.e. 
Nannochloropsis sp. plus some unidentified strains were less abundant than the 
diatoms, but many isolates from this group exhibited the highest lipid content i.e. 
>40% as biomass dry weight. Images of representative isolated  strains are shown 










Figure 3.2. An example of a flow cytometric dot plot derived from single-cell 
sorting of microalgae containing four phytoplankton clusters i.e. R1, R2, R3, R4 
that represent the sort gates for each cluster: (a) a sorting window based on cell size 
and chlorophyll auto-fluorescence of microalgae; and (b) a sorting window based 
on chlorophyll auto-fluorescence and green auto-fluorescence of microalgae. 
Table 3.1. Sample locations and characteristics of local isolated microalgae strains 

















Pulau Ubin island 39 9 35 
(89.7) 
4 (10.3) NA 
St John‟s island 26 4 23 
(88.5) 
3(11.5) NA 
Kranji coast 15 4 9 (60) 3(20) 3 (20) 
Second link 13 3 10 
(76.9) 
2 (15.4) 1 (0.08) 
Changi 3 1 3 NA NA 
Total 96 21 80 
(83.3) 
12 (12.5) 4 (4.2) 

 Numbers in parentheses are percentage of total isolates.  
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Figure 3.4. Photos of the representative isolated microalgal strains from 
Singapore‟s coastal water (40x). (a) Skeletonema costatum ; (b) Thalassionema 
nitzschoides ; (c) Cyclotella sp.; (d) Nannochloropsis sp.; e) Thalassiosira sp.; (f) 
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3.3.3. Verification of single cell sorting efficacy 
In order to confirm that sorted cells were uniquely deposited in separate incubation 
wells, the sorted cells were subjected to the control procedure. The success rate of 
one-cell-per-well sorting was high, ranging from 82% to 100%. Moreover, 50-75% 
of the sorted cells remained viable. This ratio is higher than that previously reported 
by Sensen (1993), where only 20-30% of sorted cells grew successfully. 250µL 
scaled-up cultures of the sorted cells were further analyzed using an Epics Altra 
flow cytometer to verify that isolates were in pure culture. The cytometric dot-plots 
confirmed that the sorted cultures were derived from a single isolate. 
3.3.4. Growth rate and biomass production of isolated microalgae 
Following isolation, a total of 96 isolated strains were pre-screened via NR 
fluorescence of cellular neutral lipid and epifluorescence microscopy. Those 
isolates that grew rapidly and accumulated a relatively high cellular lipid content 
were further characterized. Isolates were inoculated into Guillar f/2 or Walne 
medium. Almost all isolates grew robustly in f/2 medium. However, the growth of 
motile and flagellate microalgal isolates, e. g. strain 45 and 50, was promoted in 
Walne medium and exhibited a strong lipid fluorescence when stained with Nile 
red. During cultivating, a number of isolates could not survive due to challenges in 
culture acclimation.  Isolates that grew rapidly and manifested strong yellow-gold 
fluorescence from NR stained cells (i.e.  reflecting a relatively high neutral lipid 
content) were further screened. A total of 21 strains of the 96 isolated microalgae 
















Lipid content  
(% of dry wt.) 
1 Skeletolema costatum 0.95 0.09 ±0.01 9.5±1.7
c 
4 Thalassiosira sp. 0.61 0.08 ±0.03 17.8±3.8
b 
5 Thalassionema nitzschoides 0.58 0.05 ±0.03 2.8±0.1
c 
18 Skeletonema sp 0.59 0.24 ±0.06 2.7±0.4
c 
19 Thalassiosira sp. 0.79 0.05±0.01 0.9±0.1
c 
30 Thalassiosira sp 0.85 0.04 ±0.01 13.6±1.2
b 
31 Nannochloropsis sp. 0.62 0.39 ±0.09 42.4±1.2
a 
34 Chaetoceros sp. 0.87 0.06 ±0.01 16.3±4.0
b 
35 Chaetoceros socialis 0.64 0.07 ±0.02 2.2±1.4
c 
40 Achnanthes sp 0.99 0.09 ±0.03 44.5±1.7
a 
41 Cyclotella sp. 0.41 0.20 ± 0.02 12.7 ± 2.0
c 
42 Unidentified 0.48 0.18 ± 0.01 11.2± 1.8
c 
43 Unidentified 0.57 0.11± 0.02 32.6± 2.7
b 
44 Nannochloropsis sp. 0.52 0.29 ± 0.05 39.5 ± 1.9
a 
45 Cryptomomas sp 0.47 0.07 ± 0.02 28.6 ± 0.6
b 
46 Nannochloropsis sp. 0.42 0.27 ± 0.03 41.4 ± 1.3
a 
47 Nannochloropsis sp. 0.60 0.4 ± 0.03 44.8 ± 1.7
a 
48 Nannochloropsis sp. 0.47 0.28 ± 0.04 40.3 +1.3
a 
49 Nannochloropsis sp. 0.46 0.22 ± 0.05 42.7 ± 1.9
a 
50 Heterosigma sp 0.50 0.07 ± 0.01 39.9 ± 2.0
a 
51 Nannochloropsis sp. 0.55 0.35±0.07 42.2± 1.6
a
 
Note: Biomass concentration and lipid content at stationary phase.  
Data expressed as mean ± SD (n=3). Means of total lipid content are compared using 
one-way ANOVA, followed by a Student-Newman-Keuls (SNK) multiple comparison 
test. Letters represented the order of significant differences between the means: a>b>c. 
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In general, most isolated strains had a growth cycle of 8 days to stationary phase. 
However, some strains were found to have a shorter growth cycle, such as the long-
chain diatom Skeletolema sp (strain 18) and Cheatoceros socialis (strain 35). Strain 
18 and 35 bloomed at day 2, but collapsed between day 3 and 4, and had a 
relatively low gravimetric lipid content (i.e. 2.2 to 2.7% of biomass dry weight). 
These were therefore deemed unsuitable for further culture. Other strains had an 
extended growth lag phase of up to 20 days, such as the group of Nannochloropsis 
sp. The diatoms Sleletonema costatum, Achnanles sp and Chaetoceros sp. had 
higher specific growth rates i.e. 0.87 to 0.99d
-1
 than other strains. However, the 
Nannochloropsis group attained the best overall biomass yield i.e. 0.2-0.4gL
-1
. 
From the screening, Nannochloropsis and several other strains among the best 
biomass producers were further investigated for lipid accumulation. Naturally, a 
strain which has high biomass productivity may manifest in a relative low lipid 
productivity and vice versa (Rodolfi et al., 2009). 
3.3.5. Cellular lipid accumulation  
3.3.5.1. Total lipid content (gravimetric determination) 
One of the key criteria for selection of candidate microalgae strains for biodiesel 
feedstock production is a high intracellular lipid content. Based on gravimetric total 
lipid, the maximum yield of cellular lipid content in stationary phase, which has 
been the potential source for biodiesel production, was estimated. The results in 
Table 3.2 show that approximately half of the locally isolated marine microalgae 
strains contained a total lipid content greater than 25%  as  biomass dry weight. 
Among these strains, the total lipid content of strains 31, 40, 44, 46, 47, 48, 49, 50 
and 51 exceeded 30%. The group of Nannochloropsis sp. i.e. strains 31, 44, 46, 47, 
48, 49, 51 had a total lipid content of up to 45%. Next were Achnanthes sp. (strain 
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40), a benthic microalga and Heterosigma sp (strain 50), a flagella microalga (class 
Raphidophycae) which contained total lipid contents at 44.5±1.7 and 39.9 ± 2.6%, 
respectively.  
Among locally isolated strains, Nannochloropsis sp. displayed the best potential 
since they met the balance between relatively high biomass productivity and a high 
intracellular lipid content. Previous studies have also reported Nannochloropsis sp. 
as having a high biomass and lipid production potential (Chiu et al., 2009; Gouveia 
and Oliveira, 2009; Rodolfi et al., 2009; Zou et al., 2000).  
3.3.5.2. Neutral lipid (NR fluorescence) 
Total lipids are composed of neutral lipid in the form of energy reserve bodies, as 
well as glyco- and phospholipids in the structural membranes. Neutral lipids are 
typically the major constituents of algal lipid-oil in aging or stressed cultures, 
mainly in the form of triacylglycerols (TAGs) (Alonso et al., 1998; Chen et al., 
2008; Hu et al., 2008). Although both polar and neutral lipids can be converted to 
biodiesel (Ichihara et al., 2010; Nota et al., 1999), neutral lipid is the desirable 
fraction since TAGs are easily transesterified to biodiesel. Determination of neutral 
lipid using high throughput screening technique based on  NR fluorescence has 
been widely used as NR staining is a rapid method to quantify intracellular lipid in 
vivo (Cooksey et al., 1987; Elsey et al., 2007). The screening of microalgae 
intracellular lipid production was carried out in two aspects: the kinetic 
accumulation of neutral lipid during the microalgae growth cycle; and the 




Figure 3.5. NR fluorescence and cell density of Thalasiossira sp (strain 4) over a 
10-day cultivation 
 
Firstly, an investigation of the kinetic accumulation of intracellular neutral lipid of 
selected strains during the cell growth cycle was conducted. Figure 3.5 shows the 
growth curve and cellular lipid accumulation of strain 4 i.e. Thalassiosira sp., as a 
representative strain. NR fluorescence was positively correlated to lipid 
accumulation (R
2
 = 0.84). Neutral lipid content was low (intensity of 0.6- 1.4 
relative units) for the first 4 days of culture, after which it increased by twelve 
times to a peak value on day 10 during the stationary phase. During the exponential 
phase (day 1 to day 4), cell density increased from 1.6x 10
4





Figure 3.5 shows that during early exponential phase, neutral lipid production was 
limited, but then increased substantially during the stationary phase. In addition, 
NR fluorescence of neutral lipids can be utilised to determine the relationship 
between lipid accumulation and the growth phase of microalgae (Cooksey et al., 
1987; da Silva et al., 2009; Elsey et al., 2007; Yu et al., 2009). Typically, protein 


























































of cell growth (Sukenik and Wahnon, 1991), where neutral lipid accumulation is 
elevated in the stationary phase as prevailing nutrients become limited and cell 
division is reduced. Based on the NR fluorescence measurement as an indicator for 
intracellular neutral lipid content, the harvesting time of microalgae can be 
optimized for maximum yield. 
 
Figure 3.6. NR fluorescence of 21 local microalgae strains at stationary phase. 
Fluorescence intensity was measured at an excitation wavelength 480nm and 
emission at 575nm. Cell density was normalized at 0.2 (OD680nm). 
Secondly, to isolate candidate strain(s) that accumulate high neutral lipid, NR was 
used to stain selected strains in stationary phase. The NR fluorescence of neutral 
lipid content of selected strains is shown in Figure 3.6. Most diatoms responded 
rapidly to NR staining, where emission of NR fluorescence was representative of 
total intracellular neutral lipid (Cooksey et al., 1987; Greenspan et al., 1985). 
Achnanthes sp (strain 40) had the highest NR fluorescence intensity which 
corresponded to total lipid, at a relative intensity of 32 au. and 44.5%, respectively. 
However, Nannochloropsis sp. were not efficiently stained using the conventional 
NR fluorescence method. Thus, the level of total lipid and neutral lipid did not 
correspond, where the fluorescence of stained cells was weak (see Fig. 3.6) but 






































Inefficient NR staining of Nannochloropsis strain has been previously reported by 
Sheehan et al. (1998), and is likely due to cell wall properties of Nannochloropsis 
sp which resist dye absorption. In order to address this problem, a modified Nile 
red staining procedure for Nannochloropsis is required. In this study, therefore only 
gravimetric lipid content was used to select the most favorable Nannochloropsis 
strains.  
3.3.6. Fatty acid profile of isolated strains 
In addition to screening microalgae for elevated biomass productivity and intrinsic 
cellular lipid content, the fatty acid profile of microalgae is also an important 
characteristic as it ultimately affects the quality of the biodiesel product (Gouveia 
and Oliveira, 2009; Knothe, 2005; Ramos et al., 2009). The carbon chain length of 
saturated and unsaturated fatty acids affects biodiesel properties such as cetane 
number, oxidative stability and cold flow properties (Knothe et al., 2003; Smith et 
al., 2010). Generally, high proportion of saturated fatty acids (SFA) and 
monounsaturated fatty acids (MUFA) are preferred for increased energy yield, 
superior oxidative stability, and higher cetane numbers. However, oils dominated 
these fatty acids are prone to solidify at low temperature. While oils rich in 
polyunsaturated fatty acids (PUFAs) have very good cold-flow properties, they are, 
on the other hand, more susceptible to oxidation. 
On the basis of cell growth rate and lipid content (see data in Table 3.2 and Figure 
3.5), nine strains of microalgae which had a total lipid content significantly greater 
(SNK test, p<0.05) than others, ranging from 39.5-44.8%, were further 
characterized with fatty acid profile using FAME profile as a proxy. Results in 
Table 3.3 and 3.4 show that the majority of fatty acids present in isolated 
microalgae were palmitic (C16:0), palmitoleic (C16:1) and eicosapentaenoic 
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(C20:5n3) acids which comprised 63-80% of the total FAME. Three strains of 
Nannochloropsis (i.e. strains 31, 47, 51) and Heterosigma (strain 50) had a fatty 
acid content significantly higher (SNK test, p<0.05) than the rest (see Table 3.3). 
Although strain 50 accumulated high total lipid and FAME content (39.9% and 
19.6% of biomass DW, respectively), it had a relatively low biomass concentration 
i.e. 0.07 g.L
-1
, and was therefore eliminated from further evaluation. SFA and 
MUFA in Nannochloropsis strains 31, 47 and 51 were predominant at >70% of the 
total lipid content (see Table 3.4) which is favourable for high cetane number 
(Francisco et al., 2010; Gouveia and Oliveira, 2009; Ramos et al., 2009). However, 
Nannochloropsis had PUFAs in range of 10.7% - 27% which exceeded the 
requirements in the International Biodiesel Standard for Vehicles (EN14214). The 
PUFA of Nannochloropsis were mainly arachidonic acid (AA, C20:4) and 
eicosapentaenoic acid (EPA, C20:5) which are high-value fatty acids for human 
nutrition and food additives. In order to comply with biodiesel standard on the 
PUFA ratio, AA and EPA of Nannochloropsis can be extracted before the rest of 
oil can be converted to biodiesel. This makes Nannochloropsis-derived biodiesel 





Table 3.3. Fatty acid composition of several isolated microalgae strains (% of total FAME, n=3) 
Fatty acid 
Strain Number 
31 40 44 46 47 48 49 50 51 
Myristic acid (C14:0) 3.5± 0.5 7.0± 0.3 3.5±0.1 3.7± 0.2 3.4 ± 0.2 3.4± 0.3 3.8± 0.6 9.0± 02.3 4.4± 0.0 
Pentadecanoic acid (C15:0) 0.5±0.1 1.5± 0.1 0.5±0.0 0.6± 0.1 0.5± 0.1 0.6± 0.1 nd 0.7± 0.3 nd 
Palmitoleic acid (C16:1) 29.2±3.9 45.0± 5.5 29.8±6.5 29.4± 6.5 31.0± 6.1 30.7± 4.9 32.8± 3.2 20.5± 4.3 30.0± 0.3 
Palmitic acid (C16:0) 28.4±6.2 30.4± 3.5 29.6±2.4 29.9± 5.8 29.5± 4.5 29.2± 4.5 31.4± 1.8 33.4± 2.6 40.8± 0.1 
Linolenic acid (C18:3) nd 0.5± 0.1 nd nd nd nd 0.6± 0.1 3.6± 0.3 nd 
Linoleic acid (C18:2n6) 2.1±1.2 1.0± 0.2 0.6±0.3 1.2± 0.1 1.4± 0.5 2.1± 0.8 2.1± 0.9 5.0± 0.9 0.7± 0.1 
Oleic acid (C18:1n9) 5.5±1.9 0.94± 0.2 5.9±1.4 6.4± 1.5 6.3± 1.7 6.6± 1.2 6.4± 0.9 10.6± 2.3 12.0± 0.0 
Stearic acid (C18:0) 2.0±0.5 0.6± 0.2 
3.2±0.9 
2.4± 0.9 1.9± 0.1 1.8± 0.1 2.3± 0.5 0.9± 0.3 1.8± 0.2 
Arachidonic acid (C20:4n6) 4.8± 1.5 0.6± 0.1 4.1±2.3 6.2± 0.4 5.3± 0.0 5.4± 0.1 6.4± 0.9 1.8± 0.3 2.5± 0.1 
Eicosapentaenoic acid 
(C20:5n3) 18.6±4.5 12.3± 2.5 18.2±4.5 18.5± 4.5 17.9± 5.5 17.6± 5.2 12.4± 4.3 13.0± 4.3 7.5± 0.1 
Docosahexaenoic acid 
(C22:6n3) nd nd nd nd nd nd nd 2.1± 0.7 nd 
Behenic acid (C22:0) nd nd nd nd nd nd nd 1.5± 0.1 nd 
Lignoceric acid (C24:0) 1.4±0.5 0.8± 0.2 1.9±0.5 1.6± 0.5 1.2± 0.4 0.5± 0.1 1.3± 0.3 0.6± 0.1 0.45± 0.1 
Others 3.9±0.8 2.2± 0.5 3.4±1.5 1.4± 0.4 2.1± 0.8 2.9± 0.9 1.5± 0.1 4.1± 0.9 0.3± 0.0 
nd = non-detectable level.  
Others: fatty acid constituents as identified using a 37 FAME standard, but where concentration was below 0.5% of total FAME. Data 




Table 3.4. Composition (% of total FAME) and yield of FAME (% of DW) of microalgae strains 
Properties Strains 
 31 40 44 46 47 48 49 50 51 
SFA (% of total FAME) 35.7±1.8 40.2±5.4 35.5±4.9 38.1±5.6 36.5± 1.2 35.3± 1.3 39.0± 0.8 45.4± 2.5 47.5± 0.7 
MFA (% of total FAME) 34.8±2.9 45.9±3.4 35.6±1.8 35.7±4.9 37.3± 3.9 37.3± 3.7 39.1± 5.3 31.0± 5.7 41.8± 1.7 
PUFA (% of total FAME) 27.0±6.8 14.3±3.7 25.9±1.7 25.2±2.7 24.6± 1.6 25.2± 1.9 21.1± 1.6 23.7± 3.7 10.7± 0.9 



















Total FAME content (% 
total lipid) 46.7±2.5 35.5±2.9 39.2±3.1 25.0±2.3 37.1±4.1 36.7±2.6 33.5±2.8 48.8±3.3 49.8±2.5 
SFA= Saturated fatty acids (14:0, 15:0, 16:0, 18:0, 22:0, 24:0), MUFA = monounsaturated fatty acids (16:1, 18:1n9), PUFA = 
polyunsaturated fatty acids (18:2n6, 18:3n3, 20:4n6, 20:5n3, 22:6n3).  
Data expressed as mean ± SD (n=3). Means of total FAME content are compared using one-way ANOVA, followed by a Student-





High-throughput isolation, using flow cytometric cell sorting based on red and green 
fluorescence, and forward light scatter was used to isolate a diverse range of 
microalgae taxa from Singapore‟s coastal marine waters. Of 96 strains isolated, a total 
of 21 strains were characterized for intrinsic growth rate, biomass production and 
intracellular lipid content. The three best strains with respect to lipid accumulation 
and biomass generation were all Nannochloropsis sp. (strains 31, 47 and 51), with a 
lipid contents ranging from 42.5 to 45% as biomass dry weight, and a corresponding 
FAME yield ranging between 16 and 22%. Furthermore, these strains have a 
predominance of SFA and MUFA - corresponding to a favorably high cetane number 
for biodiesel feedstock. Nannochloropsis sp. is undergoing on-going investigation to 
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 Factors affecting lipid extraction  
from marine microalgae 
4.1. Introduction 
Microalgae are currently subject to worldwide investigation as a promising sustainable 
and renewable energy source to meet future energy demand for liquid transportation 
fuels. Using microalgae to tap solar energy via photosynthesis is not a new concept; 
where an extensive study was conducted under the United States Aquatic Species 
Program (Sheehan et al, 1998). Moreover, microalgae production represents a potential 
solution for the mitigation of climate change since 1 ton of algae results in the fixation 
of 1.83 tons of atmospheric CO2 (Chisti, 2008). The yield of lipid-oil feedstock from 
microalgae as been estimated at 123 m
3
/hectare which is twenty times higher when 
compared to palm oil (Chisti, 2008). Chisti (2008) estimated that if all US petroleum-
based transport fuels were to be replaced by biodiesel, then palm oil plantation would 
require 61% of the total cultivable land, whereas microalgae would need only 3%  
assuming the microalgae contains 15% lipid oil as biomass dry weight.  
Processing of harvested microalgal biomass to extract lipid-oil can be an energy 
intensive process as it requires separation and dewatering of microalgae, biomass 
drying and the subsequent extraction and purification of lipid-oil. The crude extract 
contains not only lipid-oils, but also carbohydrates, proteins and pigments. The lipids 
can be further classified into neutral lipids, free fatty acids (FFA), and polar lipids 
which include galacto- and phospholipids (Berge et al., 1995). The lipid composition 
of various types of micro algae has been studied by several researchers, for example  




Phaeodactylum tricornutum (Yongmanitchai and Ward, 1992), Lee et al., 1998) 
studied various lipid extraction methods and solvent systems and compared relative 
extraction efficiencies. It was found that cell disruption with a micro-bead beater 
followed by extraction with chloroform: methanol (2:1 v/v) was an effective method 
for lipid extraction (Lee et al., 1998). Addition of concentrated hydrochloric acid to a 
chloroform: methanol solvent system increased the total lipids extraction, especially 
phospholipids, in microalgae i.e. Botryococcus braunii, Phaeodactylum tricornutum, 
Chlorosarcinopsis negevensis and Fragillaria construens (Dubinsky and Aaronson, 
1979). In addition to organic solvents, supercritical carbon dioxide has been used for 
the extraction of lipid from fungi (Priyadarshini et al., 2008; Walker et al., 1999). 
However, to date, no study has reported on the effect of biomass moisture content, 
drying method, or solvent extraction system on the recovery and characteristics of 
extracted lipid from microalgae. Lipid composition with respect to neutral lipid, FFA 
and polar lipid content is of great significance during the interesterification reaction for 
biodiesel, where a higher neutral lipid content improves the overall yield of methyl 
esters from the interesterification reaction.  If the FFA fraction exceeds 4%, then 
conventional homogeneous alkali catalysts react with FFA to form soap which impairs 
reaction efficiency and results in poor separation of biodiesel from the reaction 
mixture. Similarly, the effects of polar lipids and associated reaction byproducts on the 
interesterification reaction have yet to be investigated in detail.  
4.2. Experimental 
4.2.1. Chemicals and Reagents 
Hexane (HPLC grade) and acetone (HPLC grade) were purchased from Tedia 
Company Inc.  Chloroform (ACS grade) was purchased from Merck. Ethyl Acetate 




purchased from Fisher Scientific. Other solvents, including methanol (HPLC grade), 
absolute ethanol (ACS grade) and acetic acid (ACS Reagent) were purchased from 
Sigma Aldrich. The polar lipid, phosphatidylcholine, was obtained from Lipoid 
GmbH, Germany. Neutral lipid (tripalmitate) and FFA (palmitic acid) standard was 
purchased from Sigma Aldrich. Bond Elut Aminopropyl (500mg, 3mL) solid phase 
extraction columns with stainless steel frit were purchased from Varian Inc. Thin layer 
chromatography (TLC)_plates, comprising a silica gel matrix with a particle size of 25 
microns, with aluminum support, were purchased from Sigma Aldrich, Singapore. 
4.2.2. Microalgae Cultivation 
A strain of Nannochloropsis sp. which was isolated from Singapore‟s marine coastal 
waters was used for study. Microalgae were grown in an indoor raceway pond 




, over a 12:12 hr light/dark period, in 
enriched nutrient f/2 medium. The raceway pond was inoculated with a 20% v/v of 
microalgae in exponential growth phase. When microalgae reached stationary phase, 
5g/L glycerol was added to the medium. The elevated carbon to nitrogen ratio is 
known to improve the lipid content of the algae (unpublished data). Pigment leaching 
in the algae was observed after addition of glycerol and algae turned to yellowish 
green. After 7 days in the mixotrophic condition, algae were harvested using a 
chemical coagulation and flocculation technique, using100 mg/L of ferric chloride as 
the coagulant. After biomass settling, the aqueous layer was decanted. Biomass was 
washed three times with DI water to reduce salt content and was further concentrated 
to 15% solids via centrifugation at 5000 rpm for 5 minutes.  
4.2.3. Drying Methods 
Microalgae paste was applied as thin film (thickness < 5mm) (Becker, 1994) in petri-






C, 3hr) and solar drying (30-34
o
C for 8 hr). After drying, the biomass flakes were 
crushed in a porcelain mortar and pestle and the resultant powder was stored in a 
sealed container inside a desiccator at room temperature prior to extraction. 
4.2.4. Moisture and Iron Analysis 
0.1g of algae was dried in oven at 60
o
C to constant weight (AOAC, 1990) to determine 
the biomass moisture content. The iron content of the biomass was measured by 
heating 0.5g of biomass at 105
o
C for 2hr, followed by acid digestion of the residual 
ash. Acid digestion was carried out using the method described by (Tighe et al., 2004). 
After digestion, the mixture was cooled and filtered through a Whatman no.41 filter 
paper and made up to volume in a 25 mL volumetric flask with Milli-Q water for ICP-
OES analysis.  
4.2.5. Lipid Extraction Methods  
Sonication, ASE, Soxhlet extraction, and homogenization were evaluated with respect 
to lipid extraction efficiency using two types of solvent systems i.e. a completely 
miscible solvent system of chloroform: methanol (2:1,v/v); and a partially miscible 
solvent system of hexane: methanol (3:2, v/v). The optimum extraction time was 
determined for each extraction method. Optimum extraction time for different methods 
was as follows: sonication 5 min; ASE 30 min; Soxhlet extraction 360 min; and 
homogenization 10 min. Individual extraction methods are summarized below: 
Soxhlet extraction: 2g of dried biomass was placed in an extraction thimble (Whatman 
cellulose extraction thimbles 25mm ID, 80mm length) and placed into the Soxhlet 





Homogenisation: 1g of dried biomass and 50mL of solvent was placed in a 100mL 
beaker. A Homogenizer DIAX90 (Heidolph, Germany) was used for lipid extraction 
with a power and speed set at 90% and 2000rpm, respectively. Biomass 
homogenization was conducted for 10min, after which biomass was separated by 
centrifugation at 4000 rpm for 5 minutes.  
Accelerated Solvent Extraction (ASE): An ASE 200 Dionex extractor fitted with 33mL 
volume stainless steel vessels was used for extraction. Filter discs made up of cellulose 
fiber (D28 filter, Dionex) were used to retain the biomass in the extraction cell. The 
ASE program was set at a temperature of 100
o
C, pressure 1200KPa with a 30 min 
extraction period. Extractions were performed using nine different solvent mixtures, as 
specified above. The extraction process comprised the following steps: (i) extraction 
vessels with biomass samples were loaded into the extractor; (ii) cells were filled with 
solvents up to a pressure of 1200 KPa; (iii) extraction vessels were heated for 5 min; 
(iv) a static extraction was performed for 30 min; (v) the vessel was rinsed using 
extraction solvent (10% vessel volume); and (vi) solvent was purged from the vessel 
with N2 gas. The extracts were then retained in 60mL collection vials for analysis.  
Sonication: A Sartorius Labsonic (30W and 50 Hz) sonicator operating at 90% power 
was used for biomass extraction. 1g of microalgae and 50 mL of solvent were placed 
in a 100mL beaker followed by sonication for 5 min with 30s break at each minute, 
followed by biomass separated via centrifugation at 4000 rpm for 5 minutes. 
Purification of crude lipid extract: After extraction with chloroform: methanol, the 
supernatants were washed with Milli-Q water to remove water soluble impurities such 
as proteins and carbohydrates. The ratio of water: supernatant was 1:5 (Folch et al., 




min. The bottom chloroform layer was separated and solvent was evaporated via an N2 
purge. Finally, the amount of lipid in the chloroform layer was determined 
gravimetrically and a portion kept at -4
o
C for future analysis. For lipid extraction using 
the other solvent systems, the supernatants were evaporated in a rotary evaporator. The 
lipid was then re-dissolved in 10mL chloroform: methanol (2:1) solvent and the 
aforementioned procedure was followed to remove water soluble impurities. 
4.2.6. Solid phase extraction 
Lipid classification was conducted using a solid phase extraction (SPE) technique with 
amino propyl columns (500mg, 3mL, with stainless steel frit), as described by  
Kaluzny et al. (1985), with some modification to improve separation and recovery of 
lipid fractions. An SPE column was placed in the Vac Elut apparatus and a 10kPa 
vacuum was applied to pull solvent through the column (Kaluzny et al., 1985). 
Initially, the column was activated via a double 4mL hexane wash. After activation, 
approximately 20mg of lipid, which was dissolved in 200µL of chloroform, was 
applied immediately to the column and the entire lipid was retained following elution 
of chloroform. First, the neutral lipid (NL) fraction was collected by eluting 4mL of 
chloroform: 2-propanol (2:1) solvent mix, followed by FFA by eluting 4mL of 2% 
acetic acid in diethyl ether, and finally the polar lipid (PL) fraction by eluting 6mL of 
methanol through the column. The solvents were evaporated via an N2 purge to 
determine the weight of each lipid fraction. A lipid standard containing NL (triolein), 
PL (phosphatidylcholine) and FFA (palmitic acid) at a 40:40:20 ratio was used to 
optimize the SPE method, and yielded more than a 90% recovery of each of the lipid 




4.2.7. Thin layer chromatography 
Thin layer chromatography (TLC) was used to equate separated lipid fractions against 
the neutral, FFA and polar lipid standards. The solvent system used for the elution was 
hexane: diethyl ether: formic acid (80: 20: 2, by volume) (Christie, 1989). After drying 
the solvents, lipid spots on the TLC plates were visualized by subjecting plates to 
iodine vapour. The dark lipid spots were then identified and their Rf values were 
calculated and compared against the standards. 
4.2.8. Interesterification 
The lipid fractions obtained from the SPE were dissolved in 0.2mL of chloroform and 
1.6mL of methanol, and then 0.4mL of concentrated hydrochloric acid (37%) was 
added to lipid solution. The mixture was maintained at 80
o
C for 2hr, so as to convert 
the lipid fraction to fatty acid methyl esters (FAME) i.e. biodiesel, and 2mL of hexane 
was then added to extract FAME from the reaction mixture.  The hexane layer was 
separated and analysed for FAME using a GCMS (GC-QP2010, Shimadzu, Japan). 
Each sample was spiked with methyl heptane as an internal standard. A capillary 
column DB-5MS, with a length of 30m, a film thickness of 0.25mm and an internal 
diameter of 0.25µm was used for the analysis. Helium was used as the carrier gas, and 
the detector and injection temperature was set at 280
o
C. The temperature program of 
the GC column was as follows: 50
o







C and held for 2 min; at 185
o
C held for 2 min; and at 300
o
C held for 2 min. 
4.2.9. Statistical analysis 
Data is presented as means ± the standard deviation of the mean. One or two way 
analysis of variance (ANOVA) was performed to identify statistically significant 




Keuls (SNK) multiple comparison test was performed for pair-wise comparisons after 
the null hypothesis was rejected by ANOVA. 
4.3. Results and Discussions 
4.3.1. Effect of drying method 
Figure 4.1 shows the effect of drying method on total lipid yield, where it is evident 
that differences in yield were not significant (difference in mean value was p>0.05). 
The SNK test also showed no significant differences between any pair of the drying 
methods studied. However, Figure 4.2 shows that the type of drying method had a 
significant effect on the amount of FFA in the lipid (p<0.05), where lipid extracted 
from freeze-dried microalgae had the least amount of FFA (4.0 mg of FFA/g of dry 
biomass), followed by oven-dried biomass (6.8 mg of FFA/g of algae), where solar 
dried biomass had about 5 times more FFA in the lipid (20 mg of FFA/ g of algae). 
The long exposure time of biomass used for solar drying i.e. 8 hours likely enhanced 
the oxidation of triglyceride molecules, thus releasing more FFA from the glycerol (see 
Fig. 4.2). Harvesting of microalgae prior to extraction was conducted using ferric-
chloride coagulation. The pH of the medium was above 7.2; hence ferric hydroxide 
flocs formed during the agitation where microalgae biomass was entrapped in the 
gravity settled flocs. The iron content of the biomass was as high as 9.7% prior to 
washing, but reduced to 1.5% after washing three times with DI water. Transition 
metal ions (e.g., Fe, Co, Cu) are effective catalysts for the free radical oxidation of 
lipids (Min et al., 1989), and it is likely that the iron content of algae induced the 
oxidation of triglyceride molecules to increase FFA content in the lipid. For solar dried 
biomass, lipid oxidation could have been further enhanced by microbial degradation, 
light and UV irradiation, where it is known that chlorophyll serve as a sensitizer to 




4.3.2. Effect of extraction method 
Sonication, ASE, Soxhlet extraction and homogenization were studied. The lipid 
extraction efficiency of each technique was compared for the three different drying 
methods (see Figure 4.1) and two different solvent systems i.e. chloroform: methanol 
and hexane: methanol (see Figure 4.3) used. Two way ANOVA showed no interaction 
between drying method and lipid extraction efficiency as based on lipid yield (p > 
0.05), but showed significant interaction between solvent system and extraction 
method (p<0.05). Similarly, one-way ANOVA showed that there is no significant 
difference between extraction methods using the chloroform: methanol solvent  system 
(p >0.05), but the type of extraction method impacted the lipid yield (p <0.05) for the 
hexane : methanol solvent system. Further, the SNK test showed that only sonication 
has a significant difference with other extraction methods for the hexane: methanol 
solvent system which was less efficient with only 22% of cell lipid extracted, but faster 
than other methods. ASE resulted in maximum lipid extraction at 33%, followed by 
Soxhlet (30%) and homogenization (28%). The miscibility of the solvent system used 
for the extraction explains the lower extraction efficiency achieved for biomass 
sonication. Completely miscible solvent systems i.e. chloroform: methanol (2:1) gave 
similar levels of extraction efficiency to other extraction methods, but partially 
miscible solvent systems i.e. hexane: methanol (3:2) yielded lower extraction 
efficiency for sonication than other extraction methods. It was observed hexane and 
methanol formed two distinct layers, where algae biomass was in contact with polar 
solvent methanol at the bottom layer during sonication. Even though small droplets of 
hexane and methanol dispersed in each layer, microalgae had more contact with the 
methanol at the base of the solvent system. When the completely miscible solvent 
system i.e. chloroform: methanol was used, the lipid extraction efficiency of sonication 








C), resulted in 
more methanol evaporated initially until the hexane: methanol ratio reached 
75:25(v/v). Hexane and methanol forms a negative heteroazeotrope which boils at 
50
o
C with a molar distribution of hexane: methanol (49:51) and a volume ratio of 
hexane: methanol (75:25). Hence, the algae were exposed to intermittent polar and 
non-polar solvent in the Soxhlet method and this resulted in comparable lipid 
extraction efficiency for the ASE and homogenization methods. 








































Figure 4.1. Effect of biomass drying and lipid extraction method on lipid recovery 
























































































Figure 4.3. Comparison of lipid extraction methods using miscible (i.e. chloroform: 
methanol) and partially miscible solvent system (i.e. hexane: methanol) 
 
4.3.3. Effect of lipid solvent extraction system  
Lipid was extracted from microalgae biomass using ASE in conjunction with the 
solvent systems as shown in Figure 4.4. 1g of microalgae (oven dried) was used for 




significant impact on lipid yield (p <0.05). Chloroform: methanol (2:1) was the best 
solvent system for lipid extraction from microalgae for any given condition. A similar 
result was obtained from an earlier study when a micro-bead beater was used for cell 
disruption (Lee et al., 1998). In our study, the extraction efficiency of 
dichloromethane: methanol (2:1, v/v) was as effective as chloroform: methanol (i.e. 
33.1±1.6 % and 34.3±3.5 % respectively). Since dichloromethane (DCM) is less toxic 
than chloroform, it has replaced chloroform as extraction solvent in several studies 
(Parrish and Wangersky, 1987; Pernet and Tremblay, 2003). The usage of chlorinated 
solvents is also hazardous and not eco-friendly; hence other non-polar solvents were 
investigated in this study. Hexane is good candidate solvent as it is used commercially 
for a wide range of extraction applications. However, the use of hexane alone gave 
only a 16% lipid yield, but addition of a polar solvent with hexane improved yield. The 
use of hexane alone can only extracted non-polar lipids, while hexane mixed with 
polar solvents can extract both polar and non-polar lipids, therefore the extraction yield 
of mixture solvent were higher than use that of hexane alone. A hexane: isopropanol 
(3:2) solvent system gave a 19% total lipid yield; where addition of acetone with this 
system did not change the lipid yield considerably. Methanol improved extraction 
efficiency relative to iso-propanol when mixed with hexane increasing lipid yield to 
26%. A similar lipid yield was obtained using an ethyl acetate: ethanol (3:2) solvent 
system, but usage of ethyl acetate is not recommended as it absorbs moisture quickly 
and is potentially explosive.  
Figure 4.5 shows the classification of lipid obtained using different solvent extraction 
systems from dried microalgae biomass. One way ANOVA showed significant 
differences (p <0.05) for all lipid fractions (neutral, FFA and polar). Addition of polar 




neutral lipid fraction. For example, when isopropanol was included with hexane, the 
polar lipid fraction yield was increased by 85% and neutral lipid by 5%. Similarly, 
when methanol was included with hexane, the polar lipid fraction was doubled and the 
neutral lipid fraction was increased by 60%. The hexane: methanol solvent system 
extracted higher levels of neutral and polar lipids than the hexane: iso-propanol solvent 
system. The chloroform: methanol solvent system extracted 68% more neutral lipid, 3 
times more polar lipid than for hexane and 26% more neutral lipid, 50% more polar 
lipid than the hexane: methanol solvent system. Table 4.1 shows the percentage of 
lipid fractions obtained using different solvent systems. When hexane was used as the 
solvent, there was no decrease in the FFA concentration. When the lipid is used as 
feedstock for biodiesel production, the FFA content is a critical factor as it interferes 
with the alkali catalysts used for the transesterification reaction. Based on the results 
obtained, we hypothesize that a drop in lipid extraction efficiency will increase the 























































































































































Figure 4.5. Classification of lipids extracted from dried microalgae biomass using 
different solvent systems 
 
Table 4.1. Classification of lipids extracted from dried microalgae biomass using 
different solvent systems 
Solvent systems Neutral FFA Polar 
Hexane 70.9±5.0 7.4±1.0 21.7±4.8 
Hexane:IPA (3:2) 62.7±8.0 3.6±0.5 33.7±2.8 
Hexane:acetone: IPA (3:1:1) 68.8±5.3 3.7±0.9 27.4±7.6 
Hexane:methanol (3:2) 64.1±4.4 4.4±0.1 31.5±2.0 
Hexane:acetone:methanol (3:1:1) 63.0±3.4 2.8±0.3 34.2±1.5 
Ethylacetate:ethanol (3:2) 66.2±4.9 3.6±0.4 30.2±5.3 





4.3.4. Effect of moisture content 
Lipid was extracted by ASE using a hexane: methanol solvent system to study the 
effect of biomass moisture content on lipid extraction. After centrifugation at 4000 rpm 
for 5 minutes, the wet algae biomass contained 85.4% moisture by weight. Microalgae 
with moisture contents of 68.5%, 40.6%, 20.5% and 4.5% were then prepared by 
drying algae in oven at 55
o
C for 10, 20, 30 and 60 min respectively. Figure 4.6 shows 
a higher biomass moisture content reduces the lipid extraction efficiency. One way 
ANOVA showed that the moisture content had a significant effect on the lipid yield (p 
< 0.05). It was hypothesized that water molecules surrounding the hydrophilic outer 
layer of the cell wall resist the non-polar solvent penetration inside the cell which then 
hinders lipid extraction. Further, the SNK test showed that the difference in the mean 
of lipid yield of microalgae biomass with 4.49% and 20.57%  moisture content was not 
statistically significant (p>0.05).  Using microalgae biomass with a 20% moisture 
content for extraction will significantly reduce the energy demand for drying. 
However, this may simultaneously increase the moisture content of the extracted lipid 
which will then need further treatment prior to interesterification..  
Figure 4.7 shows the variation in the extracted lipid fraction as a function of moisture 
content in microalgae biomass. One way ANOVA of mean values of neutral, polar and 
FFA showed that moisture content had a significant impact on lipid fractions. The 
absolute value of FFA was increased from 3.9±1mg/g to 11.7±2 mg/g when moisture 
content increased from 4.5% to 20.6%. There was no significant change in the absolute 
value of FFA content when the moisture content of algae was increased above 20.6% 








































Figure 4.6.  Effect of biomass moisture content on lipid recovery  
 











































Table 4.2.  Relative lipid fractions extracted from microalgae biomass with different 
moisture content 
Moisture content % Neutral FFA Polar 
4.49% 67.8±3.5 1.5±0.5 30.7±2.5 
20.57% 71.6±2.5 5.0±0.8 23.3±5.2 
40.64% 65.3±3.4 6.2±0.4 28.5±1.9 
68.5% 70.9±2.4 7.3±0.7 21.8±2.0 
85.42% 65.7±5.3 7.8±1.0 26.5±2.2 
 
4.3.5. Fatty acid distribution of lipid fractions 
Table 4.3 shows the fatty acid distribution of the extracted lipid fractions from oven 
dried biomass using hexane: methanol solvent system via ASE. It can be noted that 
long fatty acids (>C18) did not accumulate in the polar lipid fraction, and that 
eicosapentaenoic acid (EPA) was present only in the neutral lipid fraction. Figure 4.8 
shows the saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and 
polyunsaturated fatty acids (PUFA) content of the neutral, FFA and polar lipid 
fractions. Normally oxidation and enzyme degradation of triglycerides increases FFA 
content in lipids. In the FFA fraction, 70% of the total fatty acids were present as 
saturated fatty acids. This is supported by an earlier study that reported saturated fatty 
acids were more easily hydrolyzed than unsaturated fatty acids from the glycerol back 







Table 4.3. Fatty acid distribution in different fractions of microalgae lipid extracted 
from oven dried biomass using a hexane: methanol solvent system via ASE 
FAME Neutral FFA Polar 
C14:0 7.14 7.72 6.77 
C15:0 0.52 0.84 0.33 
C16:1 28.03 15.22 18.99 
C16:0 34.83 48.15 36.50 
C18:3n3 0.06 - - 
C18:2n6c 0.95 3.98 0.21 
C18:1n9c 12.28 3.57 17.21 
C18:2n6t 0.63 2.27 4.47 
C18:1 n9t 2.29 5.45 12.11 
C18:0 1.14 8.58 3.08 
C20:4 1.72 - - 
C20:5 9.50 - - 
C20:3 0.06 - - 
C20:0 0.02 0.65 - 
C21:0 - 0.12 - 
C22:0 - 1.43 0.02 
C23:0 - 0.19 - 
C24:0 0.02 0.38 0.01 
















































The lipid classification and extraction efficiency for the marine microalgae 
Nannochloropsis. sp were investigated in this study. Factors affecting extraction 
efficiency and lipid quality have been studied in detail, including biomass moisture 
content, drying and lipid extraction method, and solvent system.  The key findings are 
summarized as follows; 
 Drying methods i.e. solar, oven and freeze drying had no effect on lipid 
extraction efficiency, but the lipid profile was affected where FFA content was 
increased three times in extracted lipid for microalgae dried in natural sunlight.  
 Chlorinated solvent systems such as CF methanol and DCM methanol resulted 
in higher lipid extraction efficiencies than other solvent systems. Hexane, when 




polar solvents iso-propanol and methanol were added lipid to 19.1 and 25.5% 
respectively.  
 Complete extraction of neutral lipid from the microalgae biomass was not 
possible without polar lipid extraction.  
 The moisture content of the microalgae biomass affected both lipid extraction 
efficiency and FFA content of the extracted lipid. Above a 20% moisture 
content, lipid yields were significantly reduced. When the moisture content was 
increased from 20% to 85% lipid yield dropped from 25.4 to 13.0%, and FFA 
content of the lipid increased from 1.5% to 7.8% 
Overall, the extraction of microalgae biomass with a moisture content of less than 5%, 
using a polar and non-polar solvent system is effective for achieving high lipid yields 
with a low FFA content which is suited for conversion into biodiesel.  
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Improved Nile Red Staining of Nannochloropsis sp. 
5.1. Introduction 
Intracellular neutral lipids derived from microalgae have been promoted as a 
sustainable feedstock for biodiesel production (Chisti, 2007; Miao and Wu, 2006; 
Pienkos and Darzins, 2009). The intracellular lipid content of microalgae can be 
measured using several methods including gravimetry, spectrofluorometry and 
chromatography. The gravimetric method requires solvent extraction and is time 
consuming, while chromatography needs sufficient sample quantity to derivatize fatty 
acids. Spectrofluorometry using Nile Red (NR), as a lipid-selective dye, has advantage 
as it facilitates high-throughput screening for in vivo lipid quantification (Greenspan 
and Fowler, 1985). 
NR is a lipophilic fluorescent dye used for intracellular lipid determination in pro- and 
eukaryotic cells, capable of detecting neutral lipids (Cooksey et al., 1987; Greenspan 
and Fowler, 1985). NR permeates all structures within the cell, but the yellow-gold 
fluorescence only manifests when NR penetrates intracellular neutral lipid globules. 
Cooksey et al. (1987) demonstrated a linear correlation between NR fluorescence and 
the total lipid content of microalgae, where an increase of lipids in aging algal cells 
was due primarily to neutral lipids, rather than glyco- or phospholipids. Cells stained 
with NR usually remain viable, which renders the technique useful for screening 
actively reproducing cells. NR staining has also been developed as a high-throughput, 
rapid screening technique to determine the neutral lipid content of many algal strains, 
as reported by Cooksey et al. (1987), Priscu  et al. (1990) , Lee et al.  (1998) and de la 





technique which used dimethyl sulfoxide (DMSO) to improve lipid staining efficiency 
in the green microalgae, Chlorella vulgaris. However, the effect of DMSO on the 
growth and reproduction of treated cells was not studied.   
Nannochloropsis sp. are marine picopleustonic algae (class Eustigmatophyceae) with 
an average size of 3-4µm. The species grows robustly, and is known to have relative 
high intracellular lipid content (Chiu et al., 2009; Suen et al., 1987; Zou et al., 2000). 
Nannochloropsis sp. is used for a range of products including aquaculture feed, 
pharmaceuticals, nutritional supplements and as a biofuel feedstock (Gouveia and 
Oliveira, 2009; Rodolfi et al., 2009; Rosenberg et al., 2008). However, many strains of 
Nannochloropsis sp. are challenging to stain, not only with NR (Sheehan et al., 1998) 
but also with a range of other dyes including PicoGreen and SYTOX Green (Veldhuis 
et al., 1997). This is due to intrinsic low cell wall permeability and the small size of 
intracellular lipid droplets. During the screening of local microalgal strains from 
Singapore coastal waters for biodiesel neutral lipid feedstock, we found the NR 
fluorescence method for staining the picoeukaryote Nannochlorpsis sp. inadequate, 
and a more efficient NR staining technique was needed. Moreover, selection of lipid-
rich cells of Nannochloropsis using NR staining in conjunction with flow cytometric 
cell sorting should yield cells which are not inhibited by the staining procedure and can 
be readily utilized for initiation of new, pure cultures. 
In this study, we report a modified, novel staining procedure that can be applied for 
high throughput screening and cell sorting of Nannochloropsis sp. with elevated 







5.2. Materials and methods 
5.2.1. Algae culturing  
Nannochloropsis sp. was isolated from Singapore‟s coastal seawater using 
fluorescence activated cell sorting according to a modified procedure described by 
Sensen (1993). Based on microalgal chlorophyll autofluorescence, the distribution of 
an algal cell cluster was electronically plotted and individual cells aseptically isolated. 
Isolated cells were purified according to Guillard‟s procedure (2005) to obtain axenic 
cultures, and then grown in 500mL conical flasks containing 200mL of f/2 Guillard 
medium (photo-autotrophic inoculation) or f/2 + 2g.L
-1
 glycerol medium (photo-
mixotrophic inoculation). Both treatments were prepared in triplicate and cultivated at 
25±1
o




 illumination with a 12h: 12h, light/dark 
photoperiod. Cultures were terminated on day 12 (stationary phase) for NR staining. 
Cell density for the following experiments was conducted at the optical density of 0.8 








A fluorescence-activated cell sorter i.e. a FACSVantage SE (Becton Dickinson) 
equipped with a 100mW Argon ion laser (Spectra Physics, Darmstadt, Germany), with 
excitation at 488nm was used for cell fluorescence measurements and cell sorting. The 
yellow-gold wavelengths (540-640nm), corresponding to neutral lipid fluorescence, 
were harvested in the FL2 channel of the flow cytometer, and peak signals of stained 
and unstained cells were recorded. Three different regimes of Nannochloropsis sp. 
were measured: i) the auto-fluorescence of an unstained cell suspension; ii) the peak 
fluorescence signal of the suspension in the presence of NR; and iii) the fluorescence 







 and NR. Data was processed with Expo32 version 1.2B software (Beckmann 
Coulter Inc., USA). 
A Perkin Elmer LS-55 fluorescence spectrometer (Perkin-Elmer Corp) was also used 
to measure fluorescence intensity of NR stained and unstained cells for the 
optimization of the staining procedure. The wavelength of excitation and emissions 
were 480nm and 575nm respectively (excitation and emission slits at 5nm), according 
to the method recommended by Elsey et al.(2007). NR (9-(Diethyl amino) 
benzo[a]phenoxazin-5(5H)-one, Sigma-Aldrich) in a stock solution of 0.25mg in 1ml 
of acetone was added to Nannochloropsis, with and without a glycerol addition, and 
vortexed for 1min. After 5 min of incubation in darkness at room temperature, the 
fluorescence of the suspension in the presence of NR alone and NR in aqueous 
glycerol was measured (arbitrary units). Auto-fluorescence was also measured for an 
algal suspension without NR.  
5.2.3. Optimization of glycerol and DMSO concentration 
Glycerol concentration 
The optimized concentration of glycerol for cell staining was determined by varying 
the volume of a glycerol working solution (0.5g.mL
-1
) added to 3mL of a 
Nannochloropsis sp. culture suspension to achieve a final concentration of 0, 0.05, 
0.07, 0.1 and 0.125g.mL
-1
 glycerol. 5µL of NR solution (0.25mg.mL
-1
) was added to 
3mL of the algal-glycerol suspension which was agitated for 1min on a vortex mixer, 
and then incubated in darkness for 5 min at room temperature prior to measurement of 
fluorescence intensity of the NR stained cells.  
DMSO concentration 
DMSO (d=1.1) was added to 3mL of a Nannochloropsis sp. suspension to achieve 





to 0.011, 0.033, 0.055, 0.077, 0.11, 0.165, 0.22 and 0.275g.mL
-1
. 10µL of NR was 
added to the Nannochloropsis-DMSO suspension, which was then vortexed for 1min 
and incubated for 10min in darkness, at room temperature.  
5.2.4. Nile red concentration 
Glycerol 
 NR was used to stain intracellular neutral lipid, where 5, 10, 15, 20µL of a working 
solution of NR (0.25mg.mL
-1
) was added to 3mL of algal-glycerol mixtures at an 
equivalent NR concentration in suspension of 0.3, 0.7, 1.0 and 1.3µg.mL
-1
, 
respectively. The glycerol concentration used in this experiment was 0.1g.mL
-1
. 
Mixtures were vortexed for 1 min and then incubated in darkness for 5 min at room 
temperature. 
Dimethyl sulfoxide  
Add 1, 3, 5, 10, 15 and 20µL of NR (0.25mg.mL
-1
) to 3mL of a Nannochloropsis-
DMSO suspension, equivalent to 0.07, 0.2, 0.35, 0.7, 1 and 1.4µg.mL
-1
 of final NR 
concentration. The DMSO concentration used in this experiment was 0.165g.mL
-1
 
(equivalent to 15%, v/v). An incubation time of 10mins at room temperature was used 
for all tests. 
5.2.5. Staining time 
To optimize cell staining time, 10µL of NR was added to 3mL of algae-glycerol or 
DMSO suspensions with a defined cell concentration (OD680nm =0.8), and fluorescence 
intensity was measured after 1, 5, 10, 15 and 20min incubation in darkness at room 
temperature. In this experiment, the glycerol concentration was 0.1g.mL
-1








5.2.6. Application of modified staining procedure in Nannochloropsis cell sorting 
Test of toxicity of glycerol and DMSO to Nannochloropsis sp 













 DMSO in f/2 
medium. Exposed samples were centrifuged, washed using autoclaved seawater and 
then re-cultured in fresh f/2 medium. Controls comprised cultures without exposure to 
glycerol or DMSO. Samples were incubated in a photoincubator at a temperature of 
25±1
o





growth of treated samples was counted under a microscope (Olympus IMP2, 
magnification x40), using an Improved Neubauer haemocytometer slide. Controls and 
treated samples were prepared in triplicate. 
Effect of glycerol and DMSO to sorted cells  
A culture suspension of Nannochloropsis in the stationary phase of growth was 
prepared for cell sorting using a FACSVantage flow cytometer. Two milliliters of algal 
suspension were divided into two tubes: to one, glycerol was added at a concentration 
of 0.1g.mL
-1
 and NR at 0.3µg.mL
-1
, and to the other DMSO (0.165g.mL
-1
) and NR 
(0.7 µg.mL
-1
). After 10min of incubation in darkness at room temperature, both tubes 
were placed into the FACS. A total of 20,000 cells exhibiting the highest yellow-gold 
fluorescence intensity (FL2) in each tube were separated. Sorted cells were then 
cultivated in f/2 medium, at 25±1
o




 illumination with a 





5.2.7. Statistical analysis 
The data were analyzed either by t-test or one-way analysis of variance (ANOVA) 
followed by a Student-Newman-Keuls (SNK) multiple comparison test. Differences 
were considered significant at p<0.05. 
5.3. Results  
5.3.1. Limitation of Nile Red staining in Nannochloropsis sp.  
The cellular lipids of the locally isolated strain of Nannochloropsis sp. was found to be 
poorly stained using NR dye alone. In our investigation, the fluorescence of 
Nannochloropsis sp. cultures, in different growth phases, did not result in a significant 
correlation of lipid content between fluorescence and gravimetric measurements. 
Fluorescence intensity of the cultures in late stationary phase was not significantly 
different (p>0.05) from the cultures in exponential phase, although the lipid content 
measured gravimetrically was significantly higher (p<0.05). An increase in total lipid 
content in the stationary phase usually predominates due to an accumulation of neutral 
lipids in the form of triglycerides, rather than polar lipids located in the cell membrane 
(Sheehan et al., 1998). Generally, neutral lipid fluorescence correlates linearly to 
gravimetric lipid content (Cooksey et al., 1987; Elsey et al., 2007). However, the result 
for Nannochloropsis sp shows that total intracellular lipids increased by almost two 
fold, but this was not reflected in fluorescence intensity measurements. Therefore, 
gravimetric lipid content and fluorescence readings were not linearly correlated in this 
investigation. A possible reason is that the Nannochloropsis cells were not susceptible 





Figure 5.1. Histograms of NR fluorescence for Nannochloropsis cells without adding 
NR (auto-fluorescence) (a), with NR only (conventional method) (b) and NR plus 
glycerol (0.1g.mL
-1
) (c).  Stained cells were excited at 488nm with an argon laser with 
emission recorded at 585±42 nm (FL2). 
 
Flow cytometry measurements indicate a similar limitation for NR staining of 
Nannochloropsis sp. Fig. 5.1a shows the peak fluorescence signal of an unstained 
control solution (i.e. with a mean intensity ca. 4 a.u.).  When  Nannochloropsis sp. was 
stained with NR alone the signal for neutral lipid fluorescence split into two distinct 
peaks representing NR stained and unstained groups of Nannochloropsis. Only ca. 
25% of the cell population was successfully stained using the conventional NR 





quantification of intracellular neutral lipid. The image in Fig. 5.1b demonstrates why 
the relationship between gravimetric lipid and neutral lipid fluorescence was not linear. 
However, when the staining procedure was modified by adding glycerol to the same 
sample, the fluorescence signal was defined by a singular peak and shifted toward a 
higher intensity i.e. the mean intensity rose to 293
 
a.u. (see Fig. 5.1c). 
5.3.2. Enhanced Nile Red staining 
NR is unable to efficiently penetrate the cell wall of Nannochloropsis sp. To facilitate 
NR intracellular lipid staining, different solvents were tested i.e. DMSO and glycerol. 
Glycerol and DMSO were found to enhance NR staining of intracellular lipid and cells 
to remained viable after staining. Flow cytometry imaging (Fig. 5.1c) of NR 
fluorescence in Nannochloropsis sp. suspended in a glycerol solution shows a strong, 
positive effect of glycerol on enhancing neutral lipid staining, where the peak of NR 
fluorescence shifted to a higher intensity i.e. the mean intensity rose over 6-fold 
relative to the intensity in Fig 5.1b. The unique peak seen in Fig. 1c also shows that 
Nannochloropsis cells were stained comprehensively using glycerol assisted NR 
staining.  
To duplicate the efficacy of glycerol NR staining obtained using the flow cytometer, 
fluorescence intensities were also measured using an LS-55 Perkin Elmer 
spectrofluorometer. The improvement in glycerol-assisted staining under NR 
fluorescence is shown in Fig. 5.2. Enhancement of fluorescence intensity of cells 
stained using the modified NR method relative for Nannochloropsis sp. cultures is 
apparent  in both photo-autotrophic and photo-mixotrophic cultures. In the presence of 
glycerol or DMSO in the staining procedure, fluorescence intensity was increased 3-4 
fold relative to samples stained using the conventional method. Data in Fig. 5.1c and 





optimization to achieve consistent results for the high throughput screening technique, 
where staining efficacy is dependent on staining time and the concentration of glycerol 
or DMSO used. Optimization of the procedure is outlined in the following sections. 
 
Figure 5.2. Fluorescence of Nannochloropsis sp. using NR with and without the 
addition of glycerol for photo-autotrophic and photo-mixotrophic cultures. Data are 
measured via spectrofluorometer and expressed as a mean ± SD (n=3). 
 
5.3.3. Optimization of glycerol and DMSO assisted Nile Red method 
Concentration of glycerol and DMSO 
The enhancement of fluorescence intensity in NR staining using different 
concentrations of glycerol ranging from 0- 0.125 g.mL
-1
 and DMSO ranging from 0-
0.275g.mL
-1
 are shown in Fig. 5.3. Fluorescence intensity of all treated samples with 
glycerol was significantly higher (p<0.05) than untreated samples (Fig.5.3a). The 
improvement was apparent with a low glycerol concentration of 0.05g.mL
-1
. However, 
the greatest improvement was achieved at a glycerol concentration of 0.1g.mL
-1
, 
indicating that transport of NR across the cell membrane of Nannochloropsis sp. was 





































Figure 5.3. NR fluorescence of Nannochloropsis suspensions mixed in various 
concentrations of (a) glycerol and (b) DMSO. Data are expressed as a mean ± SD 
(n=5). Means were compared using one-way ANOVA, followed by a Student-
Newman-Keuls (SNK) multiple comparison test. Letters indicate the levels of 
significant differences. 
 
DMSO stimulated NR fluorescence at a concentration of 0.077g.mL
-1
, where NR 
fluorescence peaked at a DMSO concentration of 0.165g.mL
-1
, equivalent to 15% (v/v) 
DMSO (Fig.5.3b). Fluorescence declined when the DMSO concentration increased 
above 0.165g.mL
-1
, where NR fluorescence intensity at concentration of 0.275g.mL
-1
 
was equivalent to that of the control. The use of DMSO to assist NR staining has been 
previously reported by Simonetti et al.(1995) and Chen et al. (2009).  Simonetti et al. 
observed that after exposure to DMSO, the NR was diffusely distributed over the 
surface of human skin cells and increased NR cell penetration. In Chen‟s study, the 
concentration of DMSO to achieve peak NR fluorescence in Chlorella vulgaris was 
higher than reported in our study using Nannochloropsis sp., i.e. 25% (v/v) versus 15% 
(v/v) respectively. 


















































































The peak signal of NR fluorescence is dependent on incubation time of NR-stained 
cells. According to Cooksey (1987) and Elsey (2007) the time elapsed after adding NR 
prior to fluorescent measurement adversely affects signal quality. In this study, the 
effect of incubation time was investigated for 1, 5, 10, 15 and 20 min following 





respectively. A longer incubation time was not investigated since the color of NR is 
known to fade over extended periods (Cooksey et al., 1987; Elsey et al., 2007). Fig. 
5.4 shows that fluorescence intensity of glycerol- Nannochloropsis suspensions 
stabilized 5min after addition of NR, and thus 5 min was selected as the optimum 
staining time in the presence of glycerol. The optimized time for NR staining in the 
presence of a Nannochloropsis- DMSO suspension was 10 min (see Fig. 5.4). 
 
Figure 5.4. The effect of NR incubation time in Nannochloropsis sp.  Glycerol 
(0.1g.mL
-1(■)), DMSO (0.165g.mL-1(○)).  Data are expressed as a mean ± SD (n=5).  
 
The timing of the addition of glycerol alone, prior to addition of NR, was also 
investigated. Glycerol incubation was conducted for 1, 5 and 10 min prior to NR 
addition, and fluorescence measurements were taken after staining for 5min. Intensities 































affect fluorescence intensity i.e. only the NR staining time is critical in affecting 
fluorescence emission from Nannochloropsis sp.  
Nile Red concentration 
 
Figure 5.5. Affect of NR concentration on fluorescence intensity of stained 
Nannochloropsis suspension mixed with glycerol (0.1g.mL
-1(■)) and  DMSO 
(0.165g.mL
-1(○)).  Data are expressed as a mean ± SD (n=5).  
 
Four concentrations of NR were evaluated between 0.3 and 1.3µg.mL
-1
 using glycerol 





DMSO assisted staining of Nannochloropsis suspensions. Data in Fig. 5.5 show that 
no significant difference is apparent between fluorescence intensities with NR 
concentrations ranging from 0.3-1.3µg.mL
-1
 in glycerol-assisted stained cells. 
However, the NR fluorescence peaked at an NR concentration of 0.7µg.mL
-1
 for 
DMSO-assisted suspension (see Fig. 5). Further increasing the dosage of NR to 1.1 
and 1.4µg.mL
-1
 did not enhance NR fluorescence of the Nannochloropsis-DMSO 



































 was selected for the 
glycerol and DMSO-modified procedures respectively.  
5.3.4. Application of modified staining procedure for flow cytometric cell sorting 
Toxicity of glycerol and DMSO to Nannochloropsis sp. 
Since the modified NR staining procedure is intended for use in the rapid selection of 
high-lipid containing cells using flow cytometry coupled with cell sorting, an 
experiment was conducted to determine the tolerance limit of the locally isolated 
Nannochloropsis sp. after its exposure to either glycerol or DMSO (for 1h and prior to 
re-suspension in f/2 medium). Results show that the glycerol-exposed samples of 
Nannochloropsis sp. remained viable and replicated in f/2 fresh medium. Glycerol did 
not affect the growth of exposed cells, even at the highest concentration, i.e. 
0.125g.mL
-1





were inhibited. When exposed to 0.165g.mL
-1
 DMSO, the culture collapsed after re-
inoculation into fresh f/2 medium.  
Effect of glycerol and DMSO to sorted cells 
Following cell sorting, sorted cells were transferred to flasks and cultured using the 
conditions as described in the methods section. Cell growth data of sorted samples is 
shown in Fig. 5.6. The DMSO-NR stained culture had a relatively long lag phase 
(ca.15 days), and a low cell concentration at the early stationary phase (day 28) i.e. 22 
million cells.mL
-1
. Contrary to the DMSO-NR stained sample, the glycerol-NR stained 
culture had a shorter lag phase (ca.7 days), and achieved a higher cell concentration at 
stationary phase (day 28) i.e. 33 million cell.mL
-1
. Cell biomass at day 28 after sorting 
was 0.47g.L
-1
 for the glycerol-NR stained culture, over two times higher than the 
biomass of DMSO exposed cells i.e. 0.2g.L
-1





culture behaved the same as the control, whereas growth of sorted cells in the presence 
of DMSO was inhibited. Due to observed toxicity of DMSO to sorted cells, a 
procedure of NR staining using glycerol to stimulate NR fluorescence of 
Nannochloropsis is recommended for the selection of cells used for onward flow 
cytometry in conjunction with cell sorting. In this procedure, the concentration of 
glycerol used was 0.1g.mL
-1
 and for NR dye 0.3µg.mL
-1
. Sorted cells after flow 
cytometric cell sorting displayed well recovery and a high viability, i.e.68-85% of the 
total number of sorted cells.  
 
Figure 5.6. Growth curve of sorted cells using flow cytometric cell sorter with NR 
staining method modified with DMSO (○) and glycerol (■) 
 
5.4. Discussion 
Challenges in staining the thick-cell wall of microalgae strains such as 
Nannochloropsis have obstructed the analytical detection of intracellular structures 
such as cellular DNA or lipid droplets (Sheehan et al., 1998; Veldhuis et al., 1997) and 



































(Solomon et al., 1986). In the ASP, Nannochloropsis sp. was identified as a promising 
microalga for biodiesel feedstock. However, the strain was not taken forward for 
comprehensive study  due to of its incapacity for NR staining (Sheehan et al., 1998). In 
this study, flow cytometric analysis highlighted the inefficiency of the conventional 
NR staining procedure for Nannochloropsis, and led to development for an alternative 
NR staining procedure in the presence of glycerol and DMSO. Both glycerol and 
DMSO enhance neutral lipid staining of Nannochloropsis sp., working to assist NR 
penetration across the cell membrane and decrease hydrophobicity. DMSO stimulated 
the fluorescence intensity of stained cells more than glycerol (as seen in Figs. 3, 4 and 
5); however, at the optimal concentration for peak fluorescence DMSO inhibited cell 
growth. The negative effect of high concentrations of DMSO on the survival rate of 
exposed cells in following incubation has been previously reported by Poncet and 
Veron (2003) and Tzovenis (2004). Thus, the dose of DMSO is critical when staining 
cells used for onward inoculation and/or culture. In contrast, the use of glycerol 
increases fluorescence intensity without inhibiting cell growth, thereby allowing 
stained cells to be isolated and cultured. The success of the improved NR staining 
procedure, and the viability of stained cells in FACS is an important achievement and 
facilitates the further enhancement of cellular neutral lipid content in Nannochloropsis 
sp. To date, there are no other reports on the tolerance of Nannochloropsis sp. to 
glycerol and DMSO, or the performance of sorted cells subjected to the modified NR 
fluorescence staining procedure for the selection of oil-rich cells isolated using flow 
cytometric cell sorting. This study opens a path to intensive study on Nannochloropsis 








Glycerol or DMSO assisted NR staining of Nannochloropsis sp. is an effective method 
for the staining of intracellular neutral lipids. The optimum concentration of glycerol is 
0.1g.mL
-1
 with an NR incubation time of 5 min at room temperature (in darkness) and 
an NR concentration of 0.3µg.mL
-1
. Similarly, the optimum concentration of DMSO is 
0.165g.mL
-1
 for 10min incubation in darkness at room temperature, with an NR 
concentration of 0.7µg.mL-1, but subsequent growth of cells is inhibited. Thus, NR 
staining with glycerol is recommended for flow cytometric cell sorting procedures to 
select lipid-rich cells for Nannochloropsis sp. 
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Enhanced Lipid Production in Nannochloropsis 
sp using Fluorescence-Activated Cell Sorting 
6.1. Introduction 
As fossil fuel reserves become depleted and their environmental impact becomes ever 
more apparent, the need to develop alternative, sustainable fuel sources intensifies. 
First and second generation biofuel feedstocks, as derived from renewable bioenergy 
crops, have been increasingly exploited to replace liquid transportation fuels, but still 
fall short of  fulfilling demand. Third generation biofuels, as derived from microalgae, 
are increasingly regarded as a viable feedstock for biodiesel production due to their 
high intrinsic biomass productivity and intracellular lipid content (Chisti, 2007). 
Microalgae neutral lipids, mainly in the form of triglycerides (also referred to as 
microalgae oils) are regarded as a favorable feedstock for biodiesel and bio-jet fuels 
(Chisti, 2008; Demirbas, 2009; Gouveia and Oliveira, 2009). By capturing waste CO2 
emissions and converting it to exploitable lipids, microalgae can perform a valuable 
service in abating direct greenhouse gas emissions and off-setting fossil fuel 
consumption (Benemann, 1997; Huntley and Redalje, 2007; Wang et al., 2008). 
However, significant scientific and engineering challenges remain to the full 
commercialization of microalgae-to-biofuel technology (Kumar et al., 2010). 
The culture and enhancement of oil-rich, promising strains of microalgae has been of 
particular interest in the development of feedstocks (Choi et al., 2008; Rodolfi et al., 
2009; Solomon et al., 1986; Tomabene et al., 1983). One technique to enhance 
feedstock production is the use of flow cytometry (FC) coupled with fluorescence-
activated cell sorting (FACS), in which cells with the desired traits of rapid growth 





use of FACS for improvement of microalgal strains was first used in the US Aquatic 
Species Programme (Sheehan et al., 1998; Solomon et al., 1986) where three species 
of microalgae i.e. Isochrysis, Ankistrodesmus and Nannochloropsis were investigated. 
However, study results were inconsistent and leading to the conclusion that “Flow 
cytometry holds much promise for strain enhancement, but requires considerable 
developmental work” (Solomon et al., 1986).  
Nannochloropsis sp. are marine picopleustonic algae (class Eustigmatophyceae) with 
an average cell size of 3-4µm. The species grows robustly and is known to have 
relatively high intracellular lipid content (Chiu et al., 2009; Suen et al., 1987; Zou et 
al., 2000). Accordingly, Nannochloropsis sp has been advocated as a potential source 
of lipid feedstock for biodiesel production (Gouveia and Oliveira, 2009; Rodolfi et al., 
2009; Umdu et al., 2009). In this study, three marine strains of Nannochloropsis sp., 
that were previously isolated from the coastal waters of Singapore, were subjected to 
FACS to enhance intracellular lipid content. Enhanced cells were then tested for inter-
generational stability with respect to lipid content and fatty acid composition.  
6.2. Materials and methods 
6.2.1. Strain culture 
Three strains of Nannochloropsis i.e. strains 31, 47 and 51 were isolated from 
Singapore‟s coastal waters using FACS (refer chapter 3). Individual, sorted cells were 
aseptically placed into separate wells of a microtiter plate (Ikawa, 3830-048) prior to 
onward cultivation in 5mL tissue culture flasks (Iwaki, 3100-025), and then 250ml 
Erlenmayer flasks containing 100ml of f/2 medium. Cultures were maintained in a 
photoincubator at 25±1
o
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6.2.2. Nile red staining procedure 
Nile red (NR), purchased from Sigma-Aldrich Singapore, was prepared as a stock 
solution of 0.25mg in 1ml of acetone. To enhance the staining efficiency of 
intracellular neutral lipid of Nannochloropsis sp, the NR staining procedure was 
modified by adding pure glycerol to the microalgae suspension to a final concentration 
of 0.1g.mL
-1
, as reported in chapter 5 (Doan and Obbard, 2011). 5µL of NR stock 
solution (0.25mg.mL
-1
) was added to 3mL of the algal-glycerol suspension which was 
then agitated for 1min on a vortex mixer. Samples were then incubated in darkness for 
5 min at room temperature. Upon the excitation of 488-nm argon laser, the yellow-
gold and red fluorescence of NR stained cells is derived from neutral (as storage lipid 
droplets) and polar lipids (as structural components of membranes) respectively. 
6.2.3. Flow cytometric cell sorting 
Nannochloropsis cells were sorted using a Becton Dickinson (BD) FACSVantage SE 
equipped with a 100mW, 488nm argon laser and 100 µm nozzle. Cell fluorescence 
was measured at two wavelengths i.e. 585±40 nm for yellow-gold fluorescence, 
indicative of neutral lipid content of stained cells (FL2 channel); and 635±20 nm for 
red fluorescence indicative of polar lipid content (FL3 channel). Unstained cells were 
used as the auto-fluorescence control. NR stained cells and a 3-µm bead suspension 
(Coulter flow-check fluorospheres) were analyzed simultaneously to discriminate cell 
signals from background noise. All FACS settings were held constant for subsequent 
rounds of cell sorting. FC analyses were carried out in duplicate for each sample. The 
mean of fluorescence intensity values, as represented in arbitrary fluorescence units, 
were recorded from the FACS analysis using Summit SW Ver4.3.02 software. 
The effect of parent cell age on lipid accumulation in the daughter cells of 





phase (7 days, 31(S1)), mid-stationary phase (15 days, 31(S2)) and late-stationary 
phase (27 days, 31(S3)), was studied. These cells, of different ages, were stained with 
NR and sorted using the BD FACSVantage SE. For each cell age, two-dimensional 
dot plots of forward light scatter (FSC, represented cell size) vs. yellow-gold 
fluorescence (FL2, represented neutral lipids) were plotted. Cell sorting regions, 
namely S1, S2, and S3 of samples 31(S1), 31(S2) and S31(S3) respectively, were 
positioned based on cells exhibiting the top 1% of yellow-gold fluorescence intensity 
within the population. Following cell sorting, selected cells, as well as the parent cells, 
were cultured to mid-stationary phase prior to gravimetric determination of total lipid 
content. 
To investigate the effect of sequential rounds of cell sorting on lipid accumulation in 
daughter cells of Nannochloropsis strains 31, 47 and 51 derived from 15-d cultures of 
each strain were stained with NR and sorted using the BD FACSVantage SE. Three 
sequential rounds of cell sorting were conducted and total lipid content was 
determined for each sorting cycle. For sequential sorting rounds, sorting regions, 
namely R1, R2 and R3, for each strain were positioned based on cells exhibiting the 
top 1% of yellow-gold fluorescence intensity within the population. 
6.2.4. Inter-generational stability of lipid content in sorted cells  
Parent and daughter cells for each sorting round were maintained under identical 
culture conditions and sub-cultured weekly over a period of four months after the 
initial round of sorting. The total lipid content of sorted cultures, relative to the parent, 
wild-type strain, was measured gravimetrically (in triplicate). Concurrently, the fatty 
acid methyl esters (FAMEs) composition of sorted cells and the parent strain was 





6.2.5. Total lipid extraction and fatty acid analysis 
The total lipid content of Nannochloropsis cells was extracted and measured 
gravimetrically using a chloroform/methanol (2:1, v/v) mixture based on a modified 
procedure first published by Folch (1957). FAMEs were derived from lyophilized 
microalgae biomass via a one-step transesterification reaction performed using a 
boron trifluoride - methanol mix i.e. 14% BF3 in MeOH (Sigma-Aldrich, Singapore) 
at 100 °C for 120 min (Abdulkadir and Tsuchiya, 2008). FAMEs were separated into 
n-hexane prior to injection into a GC-QP2010, Shimadzu gas chromatograph-mass 
spectrometer fitted with a DB-5MS capillary column (30m length, film thickness 
0.25mm; internal diameter of 0.25µm) with helium as the carrier gas. Oven and 




C, respectively. The temperature 
program was held at 50
o
C for 2 min and then increased to 150
o





, then to 185
o
C for 2 min and finally to 300
o
C for 2min. A pure standard of 
37 FAMEs, ranging from C4 to C24 chain lengths, was used to identify the fatty acid 
profile of Nannochloropsis cells. 
6.2.6. Statistical analyses 
Statistical analyses were performed using SigmaStat 3.5 software. A Student‟s t-test 
was used to determine the statistical significance of data between two groups, and a 
one-way ANOVA was used to compare the statistical significance of data among 
groups for one independent variable. A p value of less than 0.05 (p<0.05) was 









6.3. Results and discussion 
Improvement in intracellular lipid accumulation of promising microalgal strains is 
desirable after initial cell selection to enhance biodiesel feedstock production. We 
hypothesize that consecutive cell selection for the desired trait of elevated intracellular 
lipid content can be used to obtain an improved microalgae phenotype with enhanced 
lipid content across cell generations.  
6.3.1. Age of parent cell 
In the first assay, sub-populations of Nannochloropsis strain 31, with intrinsic NR 
yellow-gold fluorescence, were defined using the electronic sort gates for FC cell 
sorting, i.e. regions S1, S2 and S3 (Figs.6.1-a1, a2, a3). Two-dimensional plots of 
forward light scatter (FSC) vs. yellow-gold fluorescence (FL2) of the NR stained 
sample 31(S1) revealed only a single cell cluster - indicative of a uniform response of 
cellular neutral lipids, while plots of cells in stationary phase (i.e. 31(S2), 31(S3)) 
showed two clusters which indicated the presence of sub-populations with a higher 
FL2 signal. The differences may be explained by the fact that more aged cells, in 
stationary phase, store energy in the form of neutral lipid-triglycerides and therefore 
emit a stronger FL2 signal.  
Fig.6.1-a3 and Table 6.1 show that the FL2 signal of sample 31(S3) (i.e. cells in late- 
stationary phase) was highest with a mean intensity of 685 (a.u) for a distinguished 
cell cluster i.e. region S3. In contrast, dot plots of sample 31(S1) i.e. cells in early-
exponential phase (Fig.6.1-a1) showed fewer oil-rich cells than 31 (S3) (i.e. 5 versus 
20% of the cell population) in the high FL2 region, where mean yellow-gold 
fluorescence intensity was only 225 (a.u.). The FL2 signal of 31(S2) i.e. cells in mid-





6.1), but both cell age groups had similar red fluorescence intensity (FL3) - indicating 
that polar lipid content did not increase during stationary phase (see Figs.6.1-b2, b3). 
FL3 intensity elevated from the sample in exponential phase relative to the one in 
stationary phase i.e. FL3 intensity of samples 31(S2) and 31(S3) was 2-fold higher 
than that of sample 31(S1) (see Table 6.1). Results concur with an earlier study by 
Kwok and Wong (2005) which reported that polar lipids accumulated mainly in the 
cell exponential phase and then remained relatively constant throughout the 
stationary phase, while neutral lipids continued to be synthesized.  
Simultaneous measurements of FL2 and FL3 in cells at different growth phases show 
that the ratio of yellow-gold to red fluorescence (FL2/FL3 i.e. neutral/polar lipid) 
increased over the growth phases of Nannochloropsis i.e. from 31(S1) to 31(S3). This 
is consistent with observations reported by Guzman (2010), where total lipid content 
and the ratio of neutral lipid over polar lipid content increased in stationary phase. 
Results in Figs.6.1-a, b and Table 6.1 show that although the FL2/FL3 ratio of 
samples 31(S1) and 31(S2) did not differ substantially (i.e. 7.4 versus 8.8), daughter 
cells from sample 31(S1) had a reduced total lipid content relative to the parent cells 
(Fig.6.1-c1), while sample 31 (S2) increased (Fig.6.1-c2). Thus, enhancement of total 
lipid content in daughter cells is not apparent for parent cells sorted from the 
exponential growth phase. The FL2/FL3 ratio of stained parent cells in sample 31 
(S3) increased relative to sample 31 (S2) by 1.26 times, and the total lipid content in 
daughter cells increased by a factor of 1.11 and 1.16 respectively – as based on an 
initial total lipid content of 30 % (biomass dry weight) in the parent cells (Fig.6.1-c2, 
c3). Therefore, despite a greater neutral lipid level in aged parent cells (based on cell 
fluorescence), the enhancement of total lipid content in daughter cells was not 





phase. To ensure the viability of daughter cells, it is recommended that parent cells 
should not be too advanced into the stationary phase when sorted, but of sufficient 
age to have accumulated neutral lipid without a high level of senescence within the 
population. For strain 31 (S3), the proportion of dead cells was relatively high at 
about 30% of the total cell population versus sample 31(S2) at about 6%. Based on 
our results, cell lipid enhancement is most readily achieved when parent cells are in 
mid-stationary phase and the proportion of dead cells does not exceed 6% of the cell 
population. 
In general, when cellular NR yellow-gold fluorescence, indicative of neutral lipid 
content (FL2), and the ratio of FL2/FL3 of parent cells was relatively high, the 
probability of enhanced lipid content in sorted daughter cells was greatest. Parent 
cells in mid-stationary phase exhibiting a strong NR yellow-gold fluorescence were 
most likely to yield daughter cells with elevated intracellular lipid content.  
Table 6.1. Fluorescence intensity of NR stained cells of Nannochloropsis strain 31 at 
different cell growth phases. Data are expressed as mean fluorescence intensity ± SD 
(n=2) 
Cell growth phase Mean fluorescence intensity (a.u.)  
FL2/FL3 
FL2 FL3 
Exponential (S1) 225±8 30.4±1.4 7.4 
Mid-stationary (S2) 508±11 57.5±2 8.8 
























Figure 6.1. Flow cytograms and total lipid content of parent and daughter cultures for 
strain 31 at (a1, b1, and c1) exponential phase, 7-day culture; (a2, b2 and c2) mid-
stationary phase, 15-day culture; (a3, b3 and c3) late-stationary phase, 27-day culture. (a1, 
a2 and a3) two dimensional dot plots of FL2 vs. FSC of strain 31 at different cell growth 
phases; (b1, b2 and b3) one dimensional histogram of red fluorescence at different cell 
growth phases; (c1, c2 and c3) total lipid content of parent and daughter cultures after one 

















































































6.3.2. Consecutive sorting and intracellular lipid content   
Cells from 15-d cultures for each strain i.e. Nannochloropsis 31, 47 and 51 were 
prepared for three consecutive rounds of cell sorting. Sorted cells from each round 
were used for inoculation of a new culture and measurement of total lipid content 
relative to the parent culture. Flow cytograms from each sorting round for strain 47 
(see Fig.6.2) are representative of the increase in yellow-gold fluorescence (FL2) from 
the first-to-third rounds of sorting for each of the three strains. Figs. 6.2 show that FL2 
intensity of daughter cells increased from the first (Fig.6.2b) to the third round of cell 
sorting (Fig.6.2d) when compared to the unstained parent cells (Fig.6.2a), where the 
highest FL2 signal was apparent in the third round of sorting i.e. region R3 (see Fig. 
6.2d).  
In conjunction with the increase in FL2 neutral-lipid intensity over three consecutive 
cell sorting rounds, a simultaneous increase in the gravimetric total lipid content of 
sorted cells of Nannochloropsis strains 31 and 47 was observed. In the initial round of 
sorting, the total lipid content of sorted cultures of strain 31 increased only slightly 
(i.e. about 6%) relative to the actual total lipid of the parent culture (28.6%, biomass 
dry weight) (see Fig. 6.3). Enhancements were more apparent after the first round of 
sorting, where the total lipid content of daughter cells after the second and third 
sorting round increased by a factor of 1.48 and 1.66 respectively, relative to that of the 
parent strain. A similar improvement in total lipid content was observed for strain 47, 
where total lipid content of daughter cells was doubled after the third round of sorting 
i.e. 55% (dry biomass equivalent). Lipid improvement in strain 51 was not consistent, 
where a relative decrease of 6% in total lipid content was noted after the first round of 
sorting, but an increase of 1.34 and 1.1-fold compared to parent culture occurred after 






Figure 6.2. Two-dimensional dot plots of strain 47 for three rounds of sorting, (a) 
unstained parent cells (control), (b) 1
st
 round, (c) 2
nd
 round and (d) 3
rd
 round. Selected 
regions of R1, R2, and R3 were gated for cell sorting. 
 
growth cycle than the two other strains, cell sorting may have occurred in late 
exponential phase rather than stationary phase thereby accounting for the discrepancy. 
This result emphasizes the need to select parent cells accurately, according to growth 
cycle phase, in order to achieve consistent improvements in lipid content of daughter 
cells. Overall, study data shows that FC coupled with FACS, over several rounds of 







Figure 6.3. Total lipid content of parent and sorted daughter cells of three 
Nannochloropsis strains from three consecutive rounds of cell sorting. 
 
6.3.3. Inter-generational stability of lipid level of sorted strains   
The wild-type parent strain of Nannochloropsis strain 47, and daughter cultures from 
the three rounds of cell sorting, were maintained for a period of four months under 
identical culture conditions prior to measurement of gravimetric total lipid content to 
test inter-generational stability of cellular lipid content and fatty acid profile. The total 
lipid content of the sorted cultures remained at 1.8 to 2-fold higher than the original 
parent strain (see Fig.6.4), proving that the sorted cells were able to maintain a 
positive trait of enhanced intracellular lipid content over approximately 100 

































Figure 6.4. Total lipid content of original parent and sorted daughter cells (three 
rounds) of strain 47 after approximately one hundred cell generations. 
 
In addition to gravimetric measurements of total lipid of Nannochloropsis strain 47, 
the fatty acid profile of parent and daughter cell cultures was determined. Data in 
Table 6.2 shows that no statistically significant differences exist between the fatty 
acid profiles of parent and daughter cultures. The major fatty acids i.e. palmitic 
(16:0), palmitoleic (16:1) and eicosapentaenoic (20:5n-3) acids were present in 
sorted, daughter cultures at similar levels to that of the parent strain (see Table 6.2). 
Therefore, sorted cells were stable in terms of both fatty acid composition and 



































Table 6.2. Fatty acid profile of parent and sorted cells (three rounds) after approximately 100 cell generations (data represent percentages 
of total FAME present). Data are expressed as mean ± SD (n=3). 
  14:0 16:1 16:0 18:2 18:1 18:0 20:4n-6 20:5n-3 
Parent strain 4.7± 0.4 24.5± 1.2 25.9± 2.7 2.6± 1.9 4.5± 0.4 3.4± 1.0  7.5± 1.3 26.9± 4.8 
1st round 4.6± 0.4  25.7± 0.9 26.6± 2.2 2.3± 1.5 4.7± 0.6 2.9± 0.6 7.1± 1.1 26.1± 3.0 
2nd round 4.5± 0.5 26.0± 1.3 28.5± 2.1 3.3± 1.2 4.3± 0.6 2.7± 0.6 6.3± 0.6 24.4± 2.6 






The use of flow cytometry coupled with fluorescence-activated cell sorting, for 
selecting lineages of Nannochloropsis sp. enhanced lipid content in daughter cells by 
up to double that of the wild-type, parent strain. Cell sorting was most successful when 
the sorted parent cells were in mid-stationary phase with less than 6% non-viable cells 
present. Three consecutive sorting rounds generally increased lipid accumulation in 
daughter cells. Furthermore, the enhanced intracellular lipid content of the sorted cells 
was persistent over approximately one hundred generations, and fatty acid profiles did 
not differ significantly from the parent, wild-type strains. This study demonstrates the 
potential of FACS to enhance intracellular lipid content of promising strains of 
microalgae for biodiesel feedstock production.  
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Enhanced Intracellular Lipid in Nannochloropsis sp via 
Random Mutagenesis and Flow Cytometric Cell Sorting 
7.1. Introduction 
Microalgae have become a global focal point of intense research activity due to their 
potential for generating high yields of intracellular lipid that can serve as the feedstock 
for producing biodiesel (Chisti, 2007; 2008). Nannochloropsis is one of the most 
ubiquitous types of marine microalgae and has been exploited widely in aquaculture 
practices (Duerr et al., 1998) for derivation of nutraceuticals and food supplements 
(Lubian et al., 2000; Okauchi et al., 1990; Seychelles et al., 2009; Sukenik et al., 
1993). Nannochloropsis is also known to be capable of generating ultra-high biomass 
densities (Zou et al., 2000a), has a relatively high lipid content (Gouveia and Oliveira, 
2009; Rodolfi et al., 2009), and is rich in metabolites such as pigments (Lee et al., 
2006; Lubian et al., 2000) and long chain polyunsaturated fatty acids (LC-PUFA). In 
recent years, Nannochloropsis sp has also been identified as a promising source of 
lipid feedstock for biodiesel (Converti et al., 2009; Gouveia and Oliveira, 2009; 
Rodolfi et al., 2009; Umdu et al., 2009). However, to become a truly viable biofuel 
feedstock, Nannochloropsis lipid yield requires improvement with respect to neutral 
lipid productivity and reduced polyunsaturated fatty acid (PUFA) content. 
Induced cell mutagenesis and mutant selection has been suggested as method for 
microalgae strain improvement (de la Noue and de Pauw, 1988). Mutation requires 
little knowledge of the biochemical pathways for the synthesis of desired products and 
requires minimum technical manipulation (Rowlands, 1984). Mutagens fall into two 
main categories i.e. physical (e.g. UV, gamma and X-rays) and chemical [e.g. ethyl 





alkylating agent which has been used to induce over-production of metabolites in 
microalgae including eicosapentaenoic acid (EPA) (Chaturvedi and Fujita, 2006), 
astaxanthin, carotenoids (Choi et al., 2008; Huesemann et al., 2008; Mendoza et al., 
2008) and hydrogen (Flynn et al., 2002). In contrast, random mutagenesis has also 
been used to develop mutant strains of microalgae devoid of EPA (Schneider et al., 
1995). 
The acquisition of mutants with the desired phenotype following mutagenesis can be 
challenging, where individual cells need to be screened within a short time. Many 
high-throughput screening methods rely upon a metabolite antibiotic response, or rapid 
chromatographic methods such as thin-layer chromatography or fluorescence (Betz et 
al., 1984; Davey and Kell, 1996). Such methods can typically accommodate 10,000 to 
50,000 isolates per month. However, recent developments in flow cytometry have 
resulted in the ability to analyze thousands of cells per second and opened the potential 
of rapid cell mutant generation (Davey and Kell, 1996; Wang et al., 2010). 
Fluorescence-activated cell sorting (FACS) represents a powerful technique to isolate 
target cells from a complex population based upon specific fluorescence cell 
properties. Application of FACS allows cells to be directly screened and sorted at rates 
of approximately 5000-10,000 cells per second. To date, FACS has been applied 
successfully to isolate desired mutants of yeast, filamentous fungi and bacteria (An et 
al., 1991; Azuma et al., 1992; Betz et al., 1984), but has not yet been reported for the 
isolation of high lipid producing mutants of microalgae. This study describes a 
procedure for the isolation and screening of microalgae mutant strains, where FACS 
was used to sort mutagenic populations of Nannochloropsis to obtain a phenotype with 
enhanced lipid content. The selected mutant strains were characterized in flask culture 





7.2. Materials and methods 
7.2.1. Strain culturing 
Nannochloropsis sp.  was isolated from Singapore‟s coastal seawater using a FACS 
technique based upon a modified procedure described by Sensen (1993), as reported in 
chapter 3. Based on chlorophyll autofluorescence, microalgal cell clusters can be 
distinguished and single cells isolated into individual microtiter plate wells prior to 
culture scale-up to 50ml in f/2 Guillard medium. Cultures were then treated with an 
antibiotic cocktail of penicillin G (10mg.mL
-1
), dihydrostreptomycin sulfate 
(2.5mg.mL
-1
) and Gentamycin sulfate (2.5mg.mL
-1
) for 48h following Guillard‟s 
procedure (2005) to obtain axenic cultures. All cultures were maintained in a 
photoincubator at 25±1
o




 illumination in a 12h: 12h, 
light/dark photo-period. 
7.2.2. EMS mutagenesis, mortality and mutant screening 





were subjected to random mutagenesis via exposure to various concentrations of EMS 
(Sigma- Aldrich, Singapore) i.e. 0.1, 0.5, 1 and 1.2M for one hour in darkness at room 
temperature with vigorous agitation at 300 rpm. Following incubation, treated cultures 
were centrifuged at 8000 rpm for 10min to separate cell pellets which were then 
washed thrice with the autoclaved solution of 10% (w/v) sodium thiosulfate to remove 
excess EMS. Cells from each treatment were re-suspended into sterile f/2 Guillard 
medium and kept in darkness over-night prior to determination of cell mortality. Cell 
mortality was determined using SYTOX Green cell stain and Epic Altra flow 
cytometer analysis. Twenty days after EMS treatment, viable cells exhibiting elevated 
neutral lipid content were separated using FACS, and then divided into two sterile 





cultures was determined via conversion to fatty acid methyl esters (FAMEs) i.e. 
biodiesel, thus reflecting the quality of the feedstock. The sorted mutant with the 
highest FAME content and most suitable fatty acid profile i.e. low in polyunsaturated 
fatty acids was then subjected to two further rounds of FACS. On the final round, 
individual mutated cells were placed into separate microtiter plate wells (Ikawa, 3830-
096). Cell growth was determined via optical density (OD) measurements every two 
days using a TECAN microplate reader (wavelength of 680nm and data analysis via 
Magellan V4.00 software). Cell growth rate is defined as follows: µ = ln (ODn/ODo)/ 
(tn-to), where ODn and ODo are optical densities of cultures at day n and day 0 
respectively, and (tn - t0 ) is the cultivation period (day). Intracellular lipid content was 
measured using Nile red (NR) staining and a well-plate reader in a Perkin-Elmer LS 55 
fluorescence spectrometer (excitation at 488nm, emission at 575nm) with data analysis 
using FL WinLab software. Screening of cell growth rate and lipid fluorescence was 
repeated thrice with the objective of obtaining a stable phenotype of Nannochloropsis 
with enhanced lipid properties. Mutants with the highest NR fluorescence intensity 
were then examined for fatty acid profile.  
7.2.3. Nile red and SYTOX green staining procedures 
The neutral lipid content of the WT and mutant strains was measured using a modified 
NR staining procedure, as reported in chapter 5. 5µL of NR stock solution 
(0.25mg.mL
-1
) was added to 3mL of an algal-glycerol suspension to the final glycerol 
concentration of 0.1g.mL
-1
 and then agitated for 1 min on a vortex mixer prior to 
incubation in darkness for 5 min at room temperature. Neutral lipid fluorescence was 
measured at wavelength 585±42nm (channel FL2) using a Becton Dickingson (BD) 






To determine cell mortality, EMS treated cells were stained with the nucleic acid dye 
SYTOX Green (Invitrogen, Molecular Probes, Singapore) to a final concentration of 
0.5µM followed by an incubation for 20 min in darkness, at room temperature. 
SYTOX Green can only penetrate compromised plasma membranes of non-viable 
cells. Based on preliminary studies, the optimum concentration and staining time of 
SYTOX Green staining was enhanced by adding pure glycerol to a final concentration 
of 0.1g.mL
-1
. Viable and non-viable cells were differentiated based upon inherent 
differences in green fluorescence activity (525±30nm), as measured on an Epics 
Altra
TM
 flow cytometer (Beckman Coulter Inc). Data was processed using Expo32 
version 1.2B software.  
7.2.4. Total lipid content and FAME 
The lyophilized biomass of WT and mutant cultures, when in exponential (day 10) and 
stationary phases (day 18), were analyzed for total lipid content gravimetrically and the 
FAME profile was used as a proxy measurement of intracellular fatty acid 
composition. Total lipid extraction was conducted according to the modified Folch 
method (1957b) using a chloroform/methanol (2:1, v/v) mixture. FAMEs were derived 
via a one-step transesterification of cellular fatty acids using a 14% boron trifluoride-
methanol mix in MeOH (Sigma-Aldrich, Singapore) at 100 °C for 120 min. FAMEs 
were separated with n-hexane and then analysed using a gas chromatograph-mass 
spectrometer (GC-QP2010, Shimadzu, Japan) fitted with a DB-5MS capillary column 
30m in length, 0.25mm in film thickness and an internal diameter of 0.25µm. Helium 
was used as the carrier gas, and the detector and injection temperature was set at 
280
o
C. The temperature program of the GC column was as follows: 50
o
C held for 2 






C and held for 2 min; at 185
o





min; and at 300
o
C held for 2 min. Each sample was spiked with 1 ppm of n-
heptadecanoic acid as an internal standard. 
7.2.5. Statistical analysis 
Data analyses were performed using SigmaStat 3.5 software. A Student‟s t-test was 
used to compare the statistical significance between two groups, and one-way analysis 
of variance (ANOVA) was used to compare the statistical significance among groups 
that only contained one independent variable. The post-hoc Student-Newman-Kreuls 
test was used for multiple comparisons amongst means from significant ANOVA tests. 
A p value of less than 0.05 (p<0.05) was considered to indicate significance. Results 
are expressed as means ± SD (the standard deviation). 
7.3. Results  
7.3.1. Cell mutagenesis 
 

































To increase the chance of finding a lipid-rich mutant among surviving, exposed cells, 
Nannochloropsis was subject to random mutagenesis using a range of EMS 
concentrations. While the proportion of dead cells in the control WT culture was 0.8%, 
it increased markedly upon exposure to 0.5M and 1M of EMS to 57.3 and 92%, 
respectively. Exposure to 1.2M of EMS eliminated all living cells (see Fig.7.1).  
7.3.2. Screening mutants using fluorescence-activated cell sorting 
 
Figure 7.2. Total FAME content and fatty acid composition of Nannochloropsis 
mutants and WT. Data presented is a mean of duplicate samples. 
 
Following exposure to EMS, surviving cells were cultured in f/2 medium for twenty 
days prior to isolation based upon intrinsic NR yellow-gold fluorescence of stained 
cells using FACS. Mutants isolated from the treatment with 0.1, 0.5 and 1M EMS were 
designated as E1, E2 and E3 respectively. The FAME contents of E1, E2, E3 and the 
WT are shown in Fig. 7.2. Two mutant types were evident: E1 and E2 showed a 50% 
































































fatty acid (TFA) content of E3 was the highest amongst the treated cultures at 19.6% 
dry wt. versus 12% dry wt. in the WT strain (see Fig 7.2). On the basis of a favorable 
TFA content and fatty acid profile, E3 was selected for further study. 
 
Figure 7.3. FAME content of WT strain (average of five replicates) and 13 sorted 
mutants after three rounds of cell sorting. The horizontal bar represents average FAME 
content of the WT. 
 
The E3 mutant was further screened via two sequential rounds of FACS. Following the 
final round, individual cells were collected to initiate monocultures and then screened 
for NR fluorescence (i.e. as a proxy for neutral lipid content) to select a desirable 
mutant. From our observations during the screening process, NR fluorescence intensity 
for mutant monocultures fluctuated substantially around the mean fluorescence 
intensity of the WT. Based on the screening result, a total of thirteen sorted colonies 
with the highest NR yellow-golden fluorescence intensity and a relatively high cell 
growth rate (via OD measurement at 680nm) were selected. Characterization of the 
cultures showed that the FAME content of eleven of the sorted mutants was 
significantly greater than that of the WT (mean value of 5 replicates; see Fig. 7.3) with 































chromatographic analysis, was also found to have the most suitable fatty acid profile 
for biodiesel feedstock (see below). 
7.3.3. Effect of growth phase on lipid content and fatty acid composition of mutant 
MT-I5 
Both culture conditions and cell growth phase are known to affect the intracellular 
lipid content and profile of microalgae (Converti et al., 2009; Fidalgo et al., 1998; Zhu 
et al., 1997). Therefore, WT and MT-I5 mutants were characterized in different cell 
growth phases. Table 7.1 shows the total lipid and fatty acid composition of WT and 
MT-I5 cells harvested in late-exponential phase (day 10) and at mid-stationary phase 
(day 18). The total lipid content of MT-I5 was 1.5 to 2 times higher than that of WT in 
both growth phases. The TFA content of MT-I5, in the form of total FAME, at day 10, 
was over four times greater than that of the WT (see Table 7.1) and 1.9-fold greater at 
day 18. Concomitantly, the ratio of TFA/total lipid content of MT-I5 was always 
greater than of the WT (i.e. 0.46-0.47 vs. 0.24-0.36 respectively) implying that MT-15 
had a greater proportion of convertible lipids to FAME. The PUFA content of both the 
WT and MT-I5 decreased between day 10 (exponential phase) and day 18 (stationary 
phase), but the PUFA content of MT-I5 was less than the WT in both growth phases i.e. 
14.6 vs. 21.4% at day 10, and 8.3% vs. 14.3 at day 18. As a result, the sum of SFA and 
MUFA in MT-I5 was significantly greater than that of the WT in both growth phases. 
The reduction of PUFA in the stationary was likely due to the predomination of cell 
storage lipids (mainly as triacylglycerols) which contain a lower proportion of PUFA 
relative to membrane lipids (Harwood, 1998). Due to its improved fatty acid profile for 
biodiesel feedstock relative to the WT, MT-I5 would be best harvested during the 






Table 7.1. Fatty acid composition, total FAME and total lipid content of WT and MT-
I5. Data are expressed as a mean ± SD (n=3). 
 
Wild type MT-I5 mutant 
  10d 18d 10d 18d 
SFA 
a
 43.8±3.0 49.1±0.7 42.5±2.2 45.9±2.6 
MUFA 
a
 34.8±4.3 36.6±0.8 42.8±1.8 45.8±2.0 
PUFA 
a
 21.4±1.3 14.3±1.5 14.6±0.3 8.3±0.5 
Total FAME 
b
 1.8±0.3 12.3±0.3 7.5±0.7 23.8±1.5 
Lipid content 
b
  7.6±1.8 34.0±3.8 16.2±2.6 50.8±6.8 
a 
 SFA, MUFA and PUFA (% of TFA)  
b 
TFA, lipid content (% of dry wt.) 
10d: exponential phase; 18d: stationary phase 
 
7.3.4. Fatty acid profile of mutant MT-I5 at stationary phase 
As shown in Table 7.2, the main fatty acids present in WT and MT-I5 were 14:0, 16:1, 
16:0, 18:0, 18:1, 20:4 n-6 (AA) and 20:5n-3 (EPA) - typical of Nannochloropsis sp 
(Sukenik et al., 1989). The proportion of palmitoleic acid (16:1) in MT-I5 was 
significantly greater (+30%) to that of the WT, while that of EPA in MT-I5 was lesser 
(-45%). Accordingly, PUFA as a sum of 20:4n-6, 20:5n-3 and 18:2n-6 in MT-I5 was 
significantly less relative to the WT and by de-facto the sum of SFA and MUFA of 
MT-I5 improved. Hence, the fatty acid composition of MT-I5 was more favorable for 







Table 7.2. Fatty acid profile of WT and the MT-I5 mutant. Data are expressed as a 
mean ± SD (n=3). 
  Fatty acids (%  TFA)  
  14:0 16:1 16:0 18:2 18:1 18:0 20:4n6 20:5n3 
WT 4.4±0.9 29.9±1.1 38.9±1.6 2.0±0.5 6.7±0.2 5.8±0.0 3.6±1.5 8.6±0.5 
MT-I5 3.4±0.1 38.9±0.4 37.8±1.9 1.3±0.3 6.8±1.6 4.7±1.6 2.3±0.5 4.7±1.3 
 
7.4. Discussion 
Mutagenesis is an effective method to generate high-lipid production in microalgae. 
Usually, the optimum concentration of mutagen must be determined to find the 
desirable mutants.  The increase of PUFA in the mutant strain when treated with 0.1M 
of EMS agrees with Chaturvedi and Fujita‟s report (2006) for over-producing EPA in 
N. oculata,  while treatment with higher concentrations of EMS up to 1M have not 
been previously studied. Mutants generated from cell exposure to 1M of EMS matches 
our objective to improve Strain #47 Nannochloropsis sp. for biodiesel feedstock with a 
lowered content of PUFA. In addition to enhanced growth and lipid content, exposure 
of the WT to EMS at 1M resulted in an improved fatty acid profile for biodiesel - 
although cell mortality was high i.e. 92% of population.  
Biodiesel feedstock standards require a high total fatty acid content, but PUFA content 
must be low. For example, the International Biodiesel Standard for Vehicles 
(EN14214) requires the level of linolenic acid methyl ester (18:3n6, 18:3n3) and 
PUFA in final biodiesel fuel to be less than 12% and 1% (m/m) respectively. The 
PUFA content of the Nannochloropsis sp. mutant MT-I5 was significantly reduced 





of mutant MT-I5. Moreover, the profile of MT-I5 had a predominance of myristic, 
palmitic, palmitoleic, stearic and oleic acid methyl esters that comprised over 91% of 
the TFA at stationary phase. Thus, study results prove that mutagenesis of 
Nannochloropsis using with EMS, followed by mutant selection via flow cytometric 
cell sorting, is a potent technique for enhancing both the yield and quality of algal 
biodiesel feedstock. 
In this study, the desirable mutant was selected amongst a mixed population of mutants 
via the use of the lipophilic Nile red dye coupled with FACS and with the screening 
based on chromatographic analysis of FAME. Normally, desirable mutants are 
detected by changes in morphology, pigmentation or antibiotic resistance (Huesemann 
et al., 2008; Svensen et al., 2007; Tripathi et al., 2001). In present investigation, mutant 
MT-I5 was isolated via a new method- flow cell sorting combined with 
chromatographic determination of fatty acids. The results shown in Table 7.1 and 
Fig.7.3 proved that the technique of flow cytometric cell sorting, used after the 
treatment with mutagen EMS, was an effective method to isolate high-lipid 
phenotypes.  
7.5. Conclusions 
A locally isolated strain of Nannochloropsis sp. was subject to random mutagenesis 
using EMS with the objective of improving its intracellular lipid content and fatty acid 
profile for use as a potential feedstock for biodiesel. The application of NR 
fluorescence in mutant cells coupled with FACS allowed the selection of strains with 
an elevated neutral lipid content. Further characterization of the selected mutants, via 
chromatographic analysis, revealed a suitable strain i.e. MT-15 based on its fatty acid 
profile and relatively low PUFA content. This study shows that random mutagenesis 









An, G.H.; Bielich, J.; Auerbach, R.; Johnson, E.A. Isolation and characterization of 
carotenoid hyperproducing mutants of yeast by flow cytometry and cell sorting 
Bio-Technology. 9, pp. 70-73; 1991. 
Azuma, T.; Harrison, G.I.; Demain, A.L. Isolation of a Gramicidin-S hyperproducing 
strain of Bacillus Brevis by use of a Fluorescence activated cell sorting system 
Applied Microbiology and Biotechnology. 38, pp. 173-178; 1992. 
Betz, J.W.; Aretz, W.; Hartel, W. Use of Flow-Cytometry in industrial microbiology 
for strain improvement programs Cytometry. 5, pp. 145-150; 1984. 
Chaturvedi, R.; Fujita, Y. Isolation of enhanced eicosapentaenoic acid producing 
mutants of Nannochloropsis oculata ST-6 using ethyl methane sulfonate 
induced mutagenesis techniques and their characterization at mRNA transcript 
level. Phycological Research. 54, pp. 208-219; 2006. 
Chisti, Y. Biodiesel from microalgae. Biotechnology Advances. 25, pp. 294-306; 2007. 
Chisti, Y. Biodiesel from microalgae beats bioethanol. Trends in Biotechnology. 26, 
pp. 126-131; 2008. 
Choi, G.G.; Bae, M.S.; Ahn, C.Y.; Oh, H.M. Enhanced Biomass and gamma-linolenic 
acid production of mutant strain Arthrospira platensis. Journal of Microbiology 
and Biotechnology. 18, pp. 539-544; 2008. 
Converti, A.; Casazza, A.A.; Ortiz, E.Y.; Perego, P.; Del Borghi, M. Effect of 





Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. 
Chemical Engineering and Processing. 48, pp. 1146-1151; 2009. 
Davey, H.M.; Kell, D.B. Flow cytometry and cell sorting of heterogeneous microbial 
populations: The importance of single-cell analyses. Microbiological Reviews. 
60, pp. 641-696; 1996. 
de la Noue, J.; de Pauw, N. The potential of microalgal biotechnology: A review of 
production and uses of microalgae. Biotechnology Advances. 6, pp. 725-770; 
1988. 
Duerr, E.O.; Molnar, A.; Sato, V. Cultured microalgae as aquaculture feeds. Journal of 
Marine Biotechnology. 6, pp. 65-70; 1998. 
Fidalgo, J.P.; Cid, A.; Torres, E.; Sukenik, A.; Herrero, C. Effects of nitrogen source 
and growth phase on proximate biochemical composition, lipid classes and 
fatty acid profile of the marine microalga Isochrysis galbana. Aquaculture. 166, 
pp. 105-116; 1998. 
Flynn, T.; Ghirardi, M.L.; Seibert, M. Accumulation of O-2-tolerant phenotypes in H-
2-producing strains of Chlamydomonas reinhardtii by sequential applications 
of chemical mutagenesis and selection. International Journal of Hydrogen 
Energy. 27, pp. 1421-1430; 2002. 
Folch, J.; Lees, M.; Stanley, G.H.S. A simple method for the isolation and purification 
of total lipids from animal tissues. Journal Biological Chemistry. 226, pp. 497-
509; 1957. 
Gouveia, L.; Oliveira, A.C. Microalgae as a raw material for biofuels production. 
Journal of Industrial Microbiology & Biotechnology. 36, pp. 269-274; 2009. 
Guillard, R.R.L. Purification methods for microalgae. In: Andersen RA, ed. Algal 
culturing techniques: Elsevier/Academic Press; 2005. 





Huesemann, M.H.; Hausmann, T.S.; Bartha, R.; Aksoy, M.; Weissman, J.C.; 
Benemann, J.R. Biomass Productivities in Wild Type and Pigment Mutant of 
Cyclotella sp. (Diatom). Applied Biochemistry and Biotechnology pp. 1-20; 
2008. 
Lee, M.; Min, B.; Chang, C.; Jin, E. Isolation and Characterization of a Xanthophyll 
Aberrant Mutant of the Green Alga Nannochloropsis oculata. Marine 
Biotechnology. 8, pp. 238-245; 2006. 
Lubian, L.M.; Montero, O.; Moreno-Garrido, I.; Huertas, I.E.; Sobrino, C.; Gonzalez-
del Valle, M., et al. Nannochloropsis (Eustigmatophyceae) as source of 
commercially valuable pigments. Journal of Applied  Phycology. 12, pp. 249-
255; 2000. 
Mendoza, H.; de la Jara, A.; Freijanes, K.; Carmona, L.; Ramos, A.A.; Duarte, V.D., et 
al. Characterization of Dunaliella salina strains by flow cytometry: a new 
approach to select carotenoid hyperproducing strains. Electronic Journal of 
Biotechnology. 11, pp. 13; 2008. 
Okauchi, M.; Zhou, W.J.; Zou, W.H.; Fukusho, K.; Kanazawa, A. Difference in 
nutritive value of a microalga Nannochoropsis occulata at various growth 
phases Nippon Suisan Gakkaishi. 56, pp. 1293-1298; 1990. 
Rodolfi, L.; Zittelli, G.C.; Bassi, N.; Padovani, G.; Biondi, N.; Bonini, G., et al. 
Microalgae for Oil: Strain Selection, Induction of Lipid Synthesis and Outdoor 
Mass Cultivation in a Low-Cost Photobioreactor. Biotechnology and 
Bioengineering. 102, pp. 100-112; 2009. 
Rowlands, R.T. Industrial strain improvement-Mutagenesis and random screening 





Schneider, J.C.; Livne, A.; Sukenik, A.; Roessler, P.G. A mutant of Nannochloropsis 
deficient in Eicosapentaenoic acid production Phytochemistry. 40, pp. 807-814; 
1995. 
Sensen, C.; Heimann, K.; Melkonian, M. The production of clonal and axenic cultures 
of microalgae using fluorescence-activated cell sorting. European Journal of 
Phycology. 28, pp. 93-97; 1993. 
Seychelles, L.H.; Audet, C.; Tremblay, R.; Fournier, R.; Pernet, F. Essential fatty acid 
enrichment of cultured rotifers (Brachionus plicatilis, Muller) using frozen-
concentrated microalgae. Aquaculture Nutrition. 15, pp. 431-439; 2009. 
Sukenik, A.; Carmeli, Y.; Berner, T. Regulation of fatty acid composition by 
irradiance level in the Eustigmatophyte Nannochloropsis sp Journal of 
Phycology. 25, pp. 686-692; 1989. 
Sukenik, A.; Zmora, O.; Carmeli, Y. Biochemical quality of marine unicellular algae 
with special emphasis on lipid composition. 2. Nannochloropsis sp. 
Aquaculture. 117, pp. 313-326; 1993. 
Svensen, O.; Frette, O.; Erga, S.R. Scattering properties of microalgae: the effect of 
cell size and cell wall. Applied Optics. 46, pp. 5762-5769; 2007. 
Tripathi, U.; Venkateshwaran, G.; Sarada, R.; Ravishankar, G. Studies on 
Haematococcus pluvialis for improved production of astaxanthin by 
mutagenesis. World Journal of Microbiology and Biotechnology. 17, pp. 143-
148; 2001. 
Umdu, E.S.; Tuncer, M.; Seker, E. Transesterification of Nannochloropsis oculata 
microalga's lipid to biodiesel on Al2O3 supported CaO and MgO catalysts. 





Wang, Y.; Hammes, F.; De Roy, K.; Verstraete, W.; Boon, N. Past, present and future 
applications of flow cytometry in aquatic microbiology. Trends in 
Biotechnology. 28, pp. 416-424; 2010. 
Zhu, C.J.; Lee, Y.K.; Chao, T.M. Effects of temperature and growth phase on lipid and 
biochemical composition of Isochrysis galbana TK1. Journal of Applied  
Phycology. 9, pp. 451-457; 1997. 
Zou, N.; Zhang, C.; Cohen, Z.; Richmond, A. Production of cell mass and 
eicosapentaenoic acid (EPA) in ultrahigh cell density cultures of 
Nannochloropsis sp. (Eustigmatophyceae). European Journal of Phycology. 35, 






Mass cultivation of Nannochloropsis in 
laboratory-scale raceway pond 
8.1. Introduction 
Microalgae are usually cultivated in photobioreactors and/or open ponds.  The key 
advantage of open pond systems is low capital costs. In the US Aquatic Species 
Programme,  open ponds were concluded as the optimal economic design and were 
used for experimentation and economic modeling (Sheehan et al., 1998). Open ponds 
consist of several types, in which raceway pond is considered as suitable for 
microalgae biomass production. After screening oleaginous microalgae strains based 
on growth rate and lipid production, the selected strain is produced in large scale for 
biodiesel feedstock. Nutrients, culture depth and rate of mixing in raceway ponds are 
variables that need to be modified and manipulated (Schenk et al., 2008). Many studies 
have been conducted to optimise nutrient concentration for growth of various algae 
species (Benemann et al., 2002; da Silva et al., 2009; Pushparaj et al., 1997). Vonshak 
(1986) reported that nitrogen sources (especially nitrate, ammonium and urea), pH and 
carbon sources influence microalgae growth. Microalgae may grow mixotrophically in 
supplemented organic carbon (e.g. glycerol, acetate, glucose) medium to generate 
higher cell densities than autotrophic growth (Liang et al., 2009; Pyle and Wen, 2008; 
Yang et al., 2000). Moreover, mixotrophic cultivation has been reported to yield high 
cellular oil content (Feng et al., 2005; Hu and Gao, 2003; Oh et al., 2010). Glucose is 
the most utilised carbon source in laboratory studies, but too expensive for mass 
cultivation. Glycerol and acetic acid, derived from the biodiesel production and the 
anaerobic fermentation respectively, can be substituted for glucose as cost-effective 





Since enhancing lipid production in large-scale microalgae biomass production is the 
primary concern, the development of cultivation systems is required. N-starvation 
stress could enhance algae lipid content. However, it is not an efficient way since cell 
division under such conditions is significantly decreased, resulting in net lipid 
productivity being unchanged (Pruvost et al., 2009; Solovchenko et al., 2008; 
Tomabene et al., 1983). Adding appropriate organic carbon sources to culture medium 
at the appropriate growth phase might be an effective way to increase cellular lipid 
productivity. In this study, a pilot-scale culture system using small-scale (250L) 
raceway ponds for biomass production of Nannochloropsis sp. was developed. The 
strain was cultivated in the presence of an organic carbon source in batch mode. 
Kinetic cell growth and fatty acid production under single-phase (i.e. photoautotrophic 
growth only) and two-phase (i.e. photoautotrophic growth in first phase and 
photomixotrophic growth in the second phase) cultivation were compared. The effect 
of two carbon sources (sodium acetate and glycerol) on fatty acid composition was 
evaluated. 
8.2. Materials and Methods 
8.2.1. Microalgae strain 
Mutant strain, MT-I5, of Nannochloropsis was cultivated in two laboratory raceway 
ponds, with an operating volume of 250L. The culture medium was maintained at a 
depth of 15cm. Volumn of seawater lost throught evaporation was regularly 
compensated. The culture was initiated using a 15% (v/v) mid-log-phase inoculum 
(equivalent to an initial concentration of 38mg.L
-1
) into filtered, nutrient enriched 
seawater (i.e. f/5 Guillard medium). Pond cultures were maintained at 28±1
o
C and 









12:12h dark/light period. The irradiance was measured with a LICOR Photometer LI-
250A. 
8.2.2. Biphasic cultivation in a laboratory raceway ponds  
Mutant strain of Nannochloropsis in the first pond was cultured photoautotrophically 
throughout entire cultivation period (control pond). The mutant strain in the second 
pond was cultivated in two phases: phase 1 had identical culture conditions as the 
control for 11 days followed by phase 2, where sodium acetate (NaAc, 2mM) was 
added (refer procedure in Appendix B). The pH of the culture medium in both ponds 
was measured three times a day. Cell concentration and fatty acid content for each 
pond were periodically determinated during the cultivation period. The nitrate 
concentration of the culture medium was spectrophotometrically measured using a 
Shimadzu UV-1601 spectrophotometer (wavelength of 220 nm), according to the 
method described by Collos (1999). A nitrate standard curve was established based on 
sodium nitrate standards at concentrations from 0 to 0.7M. After 27 days of cultivation 
the batch was terminated.  
8.2.3. Effect of glycerol and acetate to fatty acid composition  
On day 11, glycerol and NaAc were added into the control and experimental ponds to 
obtain a final concentration of 2g.L
-1
 and 2mM respectively . Culture batch was 
terminated at day 27 and algae biomass was lyophilized. Then, biomass concentration, 
fatty acid profile and total fatty acid content were determined. 
8.2.4. Determination of biomass concentration  
Triplicates of 100ml of algae suspension taken periodically from each culture pond 
were passed through Whatmann glassmicrofiber filter papers (GF/F, diam. 7cm) and 
washed twice with distilled water. Filter papers containing algae biomass were dried in 
an oven at 80
o





8.2.5. Determination of  fatty acid profile and FAME content 
The procedures are decribed in the chapter 3,4 and 7 
8.3. Results and Discussion 
8.3.1. Biomass production in raceway pond 
The mutant strain MT-I5 of Nannochloropsis mutagenesis (see chapter 7) was cultured 
in a 250L raceway pond containing enriched seawater(f/5 Guilard medium). The 
inoculum ratio was 15% (v/v), equivalent to 38mg.L
-1
. Cell concentrations dropped 
slightly during the first 6 days (see Fig 8.1),  afterwhich a steep exponential curve was 
observed . This growth displays a extended lag phase (i.e. 6 days); it may due to the 
dilution of inoculum at the start of experiment. Based on biomass density data, it is 
recommended to increase the inoculum ratio to 30-50% (v/v) in order to shorten lag phase. 
Mutant growth was tested in single-phase (pond 1) and biphasic cultivation (pond 2) to 
investigate biomass and lipid production of the mutant strain. The biomass 
concentration in both ponds increased 4-fold after 11 days of cultivation (see Fig 8.1). 
NaAc (2mM) was added to pond 2 as a fixed-carbon source on day 11 (see the arrow 
in Fig 8.1) when nitrogen concentrations were depleting. The carbon addition induced 
a pH reduction from the range of 8.5-9.3 to the range of 7.2- 8.2, while pH in pond 1 
was maintained within  9.0-9.4. Fig 8.1 shows that the growth curves of both ponds 
were similar, implying NaAc supported lipid accumulation rather than biomass 
production. As seen in Table 8.1, the biomass concentration in pond 2 upon culture 
termination on day 27 was 171mg.L
-1
 - slightly lower than that of pond 1 (191 mg.L
-1
). 




 and reduced 
by half in the Phase 2. The reduction of cell productivity in the Phase 2 could be 





the day 0 to 0.1M nitrate on day 11 (i.e. the day NaAc was added into pond 2). Mutual 
cell shading was also likely a limiting factor.  
 
Figure 8.1. Growth curves of cultures with single-phase cultivation (pond 1) and 
biphasic cultivation (pond 2). The arrow indicates the day of adding NaAc into pond 2. 
 
Table 8.1. Biomass concentration and productivities of mutant MT-I5 of 
Nannochloropsis under single-phase (photoautotrophic condition) and biphasic 




















Pond 1 - single phase 
(Photoautotrophic) 
191 12 6 
Pond 2 – biphasic (Photoauto- 
and photomixotrophic) 
171 11 5.7 
a
: Biomass concentration determined at day 27, 
b
: Biomass productivity and growth rate in Phase 1: period from day 6 to day 11, 
c





8.3.2. Fatty acid content of the NaAc-supplemented culture 
Biomass weight and fatty acid composition and content of both control and 
experimental cultures were determined. Data show that polyunsaturated fatty acids 
(PUFAs), as a sum of C20:5n3, C20:4n6 and C18:2, of control culture (pond 1) were 
maintained in the range of 21- 35% (w/w) of total fatty acid (TFA) for the entire 
cultivation period. It reduced significantly in the supplemented culture (pond 2) from 
exponential phase (i.e. 37% of TFA) to day 27 (i.e. 7% of TFA). This result agrees 
with Hu and Gao‟s report (2003) on the reduction of PUFAs in mixotrophic, aged 
cultures of Nannochloropsis sp with NaAc enrichment. It also implies that  NaAc 
supplement could change fatty acid composition of Nannochloropsis mutant. In 
addition, the proportion of PUFAs cultivated in raceway pond was higher than that 
observed in flask cultures (results from previous study) - due to the effect of low light 









). According to Fabregas‟s results (2004), high percentage of 
PUFA (i.e. ~35% of TFA) in Nannochloropsis sp was produced under culture 





semicontinuous mode and photoautotrophic growth. However, the current batch mode 
study shows that PUFA percentage of 7% of TFA was 5 times lower than that stated 
by Fabregas under similar mixotrophic conditions with supplements of NaAc and 




). The reduce of PUFA in this culture 
condition is suitable for industries which require low PUFA in biodiesel feedstock. 
NaAc was reported to have significant effect on lipid accumulation during early-
stationary phase (Qiao and Wang, 2009). NaAc was added on day 11, after achieving a 
4-fold increase in cell density under photoautotrophic conditions, and Phase 2-
photomixotrophic cultivation was initialised. Consequently, the TFA content increased 





the TFAcontent in the NaAc-supplemented culture (pond 2) was markedly elevated in 
comparison to the control after adding NaAc, while it did not occur in single-phase 
cultivation (pond 1), in spite of same nitrate concentration measured in both culture 
medium. Total FAME contents of pond 1 and pond 2 were 12% (w/w) vs 31% of DW 
respectively at day 27 (Fig 8.2). This shows that adding a carbon source in Phase 2, 
changes the C/N ratio in culture medium, and induces lipid accumulation at an 
appropriate biomass concentration. Biomass production continued after day 11 in pond 
2 due to the presence of NaAc (see Fig 8.1). The increase in FAME content in the 
Phase 2 of cultivation proved that supplemented carbon maintained cell division and 
enhanced cellular lipid accumulation simultaneously. Although the biomass 
concentration of pond 2 was slightly less than pond 1 on day 27, the net FAME content 





Figure 8.2. Fatty acid content of cultures with single-phase cultivation (pond 1) and 







































A two-stage culture process was ultilised in mass algae culture (Chi et al., 2009; 
Huntley and Redalje, 2007). Modifying this technique to biphasic cultivation in this 
study encouraged cell growth in the first phase, in which the microalgal lipid content 
of the biomass is modest. Once nitrogen source was depleted, the addition of carbon 
induced lipid accumulation in the form triacylglycerols. In biphasic cultivation, cell 
reproduction was promoted in Phase 1 and lipid accumulation has been induced 
separately in Phase 2, whereas single-phase culture could not encourage both lipid 
accumulation and cell proliferation simultaneously. In biphasic cultivation (i.e. pond 
2), NaAc was added at the exponential phase when cell division achieved was at a high 
density. Adding organic carbon in Phase 2 of cultivation also enhanced cellular lipid 
production and prevented the decline of cell density which usually occurs when the 
nitrogen source is depleted. The risk of contamination in the enriched culture medium 
was reduced when carbon was added to the high-cell-density culture, resulting in the 
enhancement of net lipid content of the biphasic culture. 
8.3.3. Fatty acid composition of glycerol- and acetate-feeded cultures 
Glycerol has been applied as a supplemented carbon source in many studies (Liang et 
al., 2009; Pyle and Wen, 2008). In this experiment, the presence of both glycerol and 
NaAc in nitrogen limited cultures of the mutant strain MT-I5 of Nannochloropsis 
induced lipid accumulation. However, lipid accumulation in glycerol-supplemented 
culture was not statistically significant compared to NaAc culture. TFA contents of 
glycerol-and NaAc-supplemented culture were in the range of 27-30% of DW and 21-
28% of DW, respectively. The results agree with the work of Liang et al. (2009), 
which showed that a culture of Chlorella vulgaris supplemented with 2% (v/v) 





The chromatograms in Fig 8.3 show the visible peaks of C10:0 and C12:0 from 
glycerol-amended culture. These peaks were absent in the NaAc-amended culture. 
Additionally, the peak intensity of C14:0 in the glycerol-supplemented culture (see Fig 
8.3b) was significantly higher than that in NaAc-supplemented culture. Quantifying 
these features in Table 8.2, the FA composition of glycerol-supplemented culture had a 
significant increase of 24.5% of TFA in C14:0, while NaAc-supplemented culture only 
had 6.9% of TFA. On the other hand, the percentage of C16:0 and C16:1 in glycerol 
culture (17.2 % and 19% of TFA, respectively) was less than that of NaAc culture (i.e. 
39% and 37.2% of TFA, respectively).  The percentage of eicosapentaenoic acid 
(EPA,20:5n-3) in both cultures were in the low range of <7% of TFA, comparable to 
the results from previous sections. Furthermore, the increase of saturated fatty acids 
(SFA) C10:0, C12:0, C14:0 and C16:0 resulted in a high proportion of SFA in 
glycerol-supplemented culture compared to that of NaAc-supplemented culture. 
Overall, as seen in Table 8.2, the high proportion of medium-chain fatty acids of 
C12:0, C14:0, C16:0, C16:1, which predominate in triacylglycerols, and low 
percentage of  long chain fatty acids C20:5n3, which is enriched mainly in membrane 
lipids, indicate that neutral lipids of Nannochloropsis cultures was predominated when 
cultivated in the biphasic, glycerol-supplemented culture. 
Although carbon supplemented cultures resulted in enhanced lipid production and 
improved the algal oil quality for biodiesel production, further study is required to 








Table 8.2. Fatty acid composition of glycerol- and NaAc-added cultures (% of TFA). 
Data are expressed as means +SD (n=2) 
  Acetate Glycerol 
C10:0 0 3.5±0.04 
C12:0 0 3.2±0.06 
C14:0 6.9±0.07 24.5±0.02 
C16:1 32.1±0.27 19±0.08 
C16:0 39.0±0.22 17.2±0.06 
C18:2 0.9±0.09 1.6±0.06 
C18:1 10.2±0.09 17.9±0.13 
C18:0 1.9±0.21 2.1±0.07 
C20:4 2.2±0.39 4.3±0.05 
C20:5 6.8±0.12 6.6±0.03 
SFA 47.8 50.5 
MUFA 42.3 36.9 





Figure 8.3. Chromatograms of (a) NaAc-added culture biomass and (b) glycerol-added 
culture biomass. There are peaks of C10:0 and C12:0 in (b) whereas those peaks are 









The mutant strain MT-I5 of Nannochloropsis displayed an ability to grow 
mixotrophically in pilot-scale 250L raceway pond. The supplementation of organic 
carbon (i.e. glycerol 2g.L-1 and/or NaAc 2mM) into culture medium exposed algae 
cells to stressful conditions which induced lipid biosynthesis substantially without 
reducing biomass production. Moreover, the supplementation of glycerol in biphasic 
cultivation increased the production of medium-chain fatty acids C12:0, C14:0 and 
C16:0 and reduced the percentage of long chain fatty acids C20:5n3. The study shows 
that the improved strain of Nannochloropsis can be subjected to biphasic cultivation 
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Conclusions and Future studies 
9.1.  Conclusions 
The overall goal of this research was to develop a local strain of marine microalgae to 
provide a rich source of lipids for the production of biodiesel feedstock. To achieve 
this goal, a high-throughput tool was developed to isolate and screen local microalgae 
strains for the production of sustainable, low-cost material for biodiesel production. A 
modified procedure based on red and green fluorescence, and forward light scatter was 
established to select local microalgae strains from Singapore‟s coastal waters using 
flow cytometric cell sorting (FACS). A total of 96 diverse microalgae strains were 
successfully isolated, consisting mostly diatoms and green algae with flagellates, 
brown algae and blue-green algae (cyanobacteria) also present. Subsequently, the 
procedure was used to screen the isolated species using criteria of high biomass 
productivity and intracellular lipid content, with a suitable fatty acid profile for use as a 
biodiesel feedstock. The three best strains with respect to lipid accumulation and 
growth rates were all Nannochloropsis sp. (strains 31, 47 and 51), with total lipid 
contents ranging from  42.5 to 45% as biomass dry weight, and a corresponding 
FAME yield ranging between 16 and 22%. The growth rate of Nannochloropsis sp. is 
in the range of 0.43-0.62 d
-1
, and biomass concentration of 0.3-0.4g/L. Furthermore, 
these strains have a predominance of SFA and MUFA-corresponding to a favourably 
high cetane number for biodiesel feedstock.  
Algal lipids, mostly in the form of triacylglycerols, or neural lipids, are a favorable 





and extraction efficiency for Nannochloropsis. sp were investigated. The key findings 
are summarized as follows; 
 Drying methods i.e. solar, oven and freeze drying had no effect on lipid 
extraction efficiency, but the lipid profile was affected where the FFA content 
was increased three fold for microalgae dried in natural sunlight.  
 Chlorinated solvent systems such as chloroform/methanol and dichloromethane/ 
methanol resulted in higher lipid extraction efficiencies than other solvent 
systems. The extraction efficiency of hexane, when used alone, was poor at 16.4 
%, but increased to 19.1% and 25.5% with the addition of polar solvents iso-
propanol and methanol respectively were added.  
 Complete extraction of neutral lipid from the microalgae biomass was not 
possible without polar lipid extraction.  
 The moisture content of the biomass affected both lipid extraction efficiency and 
FFA content of the extracted lipid. Above 20% moisture content, lipid yields 
were significantly reduced. When the moisture content was increased from 20% 
to 85%, lipid yield dropped from 25.4 to 13.0%, and FFA content of the lipid 
increased from 1.5% to 7.8%. 
The rapid detection of intracellular neutral lipid content of Nannochloropsis sp. using 
Nile red (NR) staining requires modification since many strains of Nannochloropsis 
sp. do not readily take up NR. Glycerol or DMSO assisted NR staining was determined 
as an effective, sensitive method for the determination of intracellular neutral lipids of 
Nannochloropsis sp. The data demonstrated that Nannochloropsis cells were stained 





concentration of glycerol is 0.1g.mL
-1
 with an NR incubation time of 5 min at room 
temperature (in darkness) and an NR concentration of 0.3µg.mL
-1
. Similarly, the 
optimum concentration of DMSO is 0.165g.mL
-1
 for 10min incubation in darkness at 
room temperature, with an NR concentration of 0.7µg.mL-1, but subsequent growth of 
cells is inhibited. This study is the first report on the use of glycerol to assist NR 
staining of Nannochloropsis sp to overcome the neutral lipid staining challenges. This 
modified procedure is significant since it is used not only to determine neutral lipid, 
but also to select oil-rich cells of  Nannochloropsis sp using flow cytometric cell 
sorting. With this method, oil-rich cells which exhibited a strong fluorescence were 
sorted to achieve high-lipid level. 
Enhancing lipid production of selected microalgae strain was a key aim of this 
research. Flow cytometry coupled with fluorescence-activated cell sorting was used for 
producing oil-rich lineages of Nannochloropsis sp. Enhancement of lipid content by 
selecting oil-rich microalgal cells using FACS is based on the same concept as 
selection of superior seeds for subsequent crops in agriculture. From high quality 
seeds, a new generation will be established and then provide a good productivity. This 
concept can also be applied to microalgae cell sorting to improve lipid production of 
sorted cells. After three consecutive cell sorting rounds, lipid accumulation in daughter 
cells of Nannochloropsis sp. increased by up to double that of the wild-type parent 
strain. Cell sorting was most successful when the sorted parent cells were in mid-
stationary phase with less than 6% non-viable cells present. Furthermore, the enhanced 
intracellular lipid content of the sorted cells was persistent over approximately one 
hundred generations, and fatty acid profiles did not differ significantly from the parent, 
wild-type strains. The FACS method plays an important role in improving the lipid 





to enhance intracellular lipid content of promising strains of microalgae for biodiesel 
feedstock.  
Enhancement of lipid content also attained positive results when the cell sorting 
technique was applied to select oil-rich mutants. The locally isolated strain of 
Nannochloropsis sp. was subject to random mutagenesis using EMS with the objective 
of improving its intracellular lipid content and fatty acid profile for use as a potential 
feedstock for biodiesel. The application of NR fluorescence in mutant cells coupled 
with FACS allowed the selection of strains with elevated neutral lipid content. Further 
characterization of the selected mutants, via chromatographic analysis, revealed a 
suitable strain i.e. MT-15 based on its fatty acid profile and relatively low PUFA 
content. This study shows that random mutagenesis coupled with FACS is a viable 
method for not only enhancing the lipid content of wild type Nannochloropsis sp, but 
also a mutant with an improved fatty acid profile for biodiesel feedstock. 
For the improved mutant the scaling up of biomass production was investigated.  The 
mutant strain MT-I5 of Nannochloropsis displayed an ability to grow mixotrophically 
in pilot-scale 250L raceway ponds.  The supplementation of organic carbon (i.e. 
glycerol and/or NaAc) into culture medium subjected algae cells to stressful conditions 
which induced lipid biosynthesis substantially without reducing biomass production. 
Moreover, the supplementation of glycerol in biphasic cultivation promoted the 
synthesis of a higher proportion of the medium-chain fatty acids of C12:0, C14:0 and 
C16:0 and reduced the percentage of the long chain fatty acid of C20:5n3. The study 
shows that the improved strain of Nannochloropsis can be cultivated biphasically 





Overall, the main contribution of this research has been development of a modified 
lipid staining procedure using glycerol to assist Nile red staining in Nannochloropsis 
sp. Complete staining of Nannochloropsis cells was possible after the addition of 
glycerol/DMSO- thus overcoming the limitations using the conventional NR staining 
procedure (without glycerol/DMSO). This finding was applied to the screening of 
neutral lipid content in algae strains subsequent selection of oil-rich cells to generate 
improved lineages of Nannochloropsis sp.  
A further contribution of this research is the advancement of flow cytometry coupled 
with cell sorting as  practical methods to:  i) successfully isolate marine microalgae 
with diverse taxa; ii)  enhancing intracellular lipid production. However, further 
studies are justified with respect to: i) physiological status of parent and increase of 
cellular lipid content of sorted daughter cells; ii) the relationship of cell growth phase 
and flow cytometric parameters such as forward light scatter, side light scatter and 
fluorescence signals; and process control, including nutrient addition and adjustment 
of the carbon/nitrogen ratio in culture medium.  
For the improved Nannochloropsis strain, bi-phasic cultivation in pilot-scale raceway 
ponds was examined. However, the study did not take into account factors affecting 
raceway-pond cultivation including light intensity, circulation rate, nutrient content 
and CO2 supply.  Algae biomass productivity and cellular lipid production could be 
enhanced substantially under optimization culture conditions. On the other hand, flow 







9.2. Suggestion for future research 
1. Optimization of factors to influences algae cultivation in raceway ponds including 
light intensity, culture temperature, culture circulation, CO2 supply, carbon and 
nitrogen sources,  and carbon/nitrogen molar ratio. Investigation of the cellular 
growth phase where changes of C/N ratio will effectively induces lipid 
productivity of Nannochloropsis sp. 
2. Utilization of glycerol and acetate as carbon sources for microalgae mixotrophic 
cultivation has the potential to reduce the overall costs of biofuel production since 
these substrates can be obtained from waste, glycerol from biodiesel industry and 
acetate from biohydrogen production. Hence, the studies on optimization of 
cultivation systems to use waste glycerol and acetate in raceway pond are 
required. 
3. Application of flow cytometry in determining neutral lipid content and examining 
algae cell cycles to provide on-site decision or adjustment in cultivation process. 
In addition, under the combination of various fluorescent dyes used, the influences 
of the proportion of viable/ dead cells on the neutral lipid content and the fatty 









Photos of microalgae isolated from Singapore‟s waters using fluorescence activated cell sorting 
 
 
Cyclotella. sp (40x) 
 



































   






   







   







Culturing procedure for mutant MT-I5 in pilot-scale raceway pond 
                        
 
 
                         
 
                          





Scale up to 100L in 
plastic bags 











                        
                        
 
 
                        
 
pH measurement 
250L raceway pond: day 11, 
adding NaAc, monitoring 
pH daily 
Dry biomass: harvested at 
day 27 
Extracted crude lipid 
(total lipids) and then 
converted to FAME 
